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This thesis describes different strategies for the use of BINOL-boron compounds in 
organic synthesis.
The first chapter presents a background to the subsequent research by describing 
important characteristics of BINOL-boron complexes with regard to their structure and 
stability. A survey of the literature suggests that BINOL-boron sp3 species are more stable 
and have been isolated on more occasions than their BINOL-boron sp2 counterparts.
The second chapter describes the attempts to prove that the BINOL-boron sp2 
species (Scheme 1) reported by Yamamoto and co-workers,1 which was proposed to 
be formed when mixing equimolar amounts of B(OPh)3 and (J?)-BINOL, is unlikely to be 
the catalytic species in the formal nrzm-Diels-Alder reaction between imine 2 and 
Danishefsky’s diene 3. Nonlinear effect studies were carried out towards this aim, which 
revealed a positive nonlinear effect, demonstrating that the catalytic species involved in this 
reaction must contain more than one chiral ligand. This discovery also revealed that ligand 
accelerated catalysis and dynamic ligand exchange were occurring, which led to further 
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Scheme 1 Yamamoto and co-workers’ formal aza-Diels-Alder reaction catalysed by a chiral boron reagent formed by 
mixing equimolar amounts of B(OPh)3 and (R)-BINOL, and the proposed structure (R)-1 for this catalyst.
The third chapter details the synthesis of stable boronates (including those derived 
from BINOL) that contain an intramolecular imino N—>B coordinate bond, in an attempt to 
gain further insight into the mechanism of the formal oza-Diels Alder reaction described
1 (a) K. Hattori and H. Y am am oto, J. Org. Chem ., 1992, 57, 3264; (b) K. Hattori and H. Y am am oto, Tetrahedron , 1993, 4 9 ,1 7 4 9 .
vi
Synopsis
above (Figure 1). With these complexes in hand, their use as substrates for different 
synthetic strategies including Grignard reactions and Suzuki couplings was investigated.
Figure 1 Boronate (R)-4  with an intramolecular imino N->B coordinate bond developed in an attempt to synthesise 
stable mimics of Yamamoto and co-workers’ proposed activated intermediates of the type (S )(S )-5 .2
The fourth chapter demonstrates a different application of the developed BINOL- 
boronate complexes, as chiral derivatising agents for determination of the enantiomeric
that contain remote stereocentres.
The fifth and final chapter relates the extension of the use of the developed BINOL- 
boronate complexes as chiral derivatising agents to determine the enantiomeric excess of a- 
amino esters. This methodology was applied to determine the enantiomeric excess of (S)-a- 
arylglycines, formed using a new and highly practical three-component asymmetric 




excess of a wide range of chiral primary amines by ’H NMR spectroscopy, including those
MeOH / H20
NaCN




(S )-9 a -e
R = (a) 2-Br, (b) H, (c) 2-M e, (d) 4-M e, (e) 4-F
Scheme 2 Three-component Strecker reaction for the asymmetric synthesis of (S)-a-arylglycines.
2 K. Hattori, M. Miyata, and H. Yam am oto, J. Am . Chem. Soc., 1 9 9 3 ,1 1 5 , 1151.
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Introduction
“When things are bad, we take comfort in the thought that they could always be worse. And 
when they are, we find hope in the thought that things are so bad that they have to get better. ”
Malcolm Forbes
Chapter 1 Introduction
1 BINOL-Boron Compounds and Analogues in Asymmetric
Synthesis
1.1 Sum m ary of th e  C hap ter
This first chapter starts with a brief description of the structure and basic reactivity 
of organoboron compounds. This will provide a background to the mechanism of some of 
the reactions that will be mentioned later on in the chapter, and illustrate the importance of 
the ability of boron to form sp2 and sp3 species. A brief description of structural aspects of 
l , l ’-bi-2-naphthol (BINOL) and its suitability for carrying out asymmetric synthesis will 
then follow. Finally, a literature review of different BINOL-boron species and analogues 
published to date will illustrate the importance of the structure of the ligand with regard to 
the stability of its resultant boron complexes.
1.2 Introduction: Brief Description of th e  Two C om ponents
Many important biological and technological functions depend on three- 
dimensional interactions between molecules that are chiral. Due to this, there is an 
increasing demand for enantiomerically pure compounds, which has prompted an incredible 
effort to develop effective synthetic methods for the preparation of this type of compound. 
The first attempts to imitate Nature’s ability to create enantiomerically pure compounds 
consisted of resolution of racemic mixtures of enantiomers, or carrying out asymmetric 
transformations using substrates from the chiral pool. Nowadays, the use of rationally 
designed synthetic chiral auxiliaries and catalysts, which induce high stereoselectivities, is 
widely established thanks to the great effort of numerous research groups. This thesis, 
which describes different uses of BINOL-boron compounds and analogues in organic 
synthesis, demonstrates how matching the chemical properties of a certain element such as 
boron, with the discrimination properties of a particular chiral ligand such as BINOL, can 
result in the development of powerful protocols for asymmetric synthesis.
1.2.1 Basic Principles o f  the Organic Chemistry o f  Boron
- Boron Compounds as Lewis Acids
Due to its position within the periodic table, boron displays a combination of 
characteristics that make its chemistry unique.1,2 The ground-state electronic configuration 
of boron is ls22s22p1. Thus, it has only three electrons in its valence shell, which have high
-  1 -
Chapter 1 Introduction
ionisation energies. This fact, added to the value of its electronegativity (2.0), which is 
similar to those of carbon (2.5), silicon (1.9) and hydrogen (2.2), leads to the unusual 
covalent chemistry of boron, which contrasts to the other metallic members of its group. 
Consequently, boron usually forms three two-centre two-electron covalent bonds.* In this 
type of species, the hybridisation of boron is sp2, forming three coplanar bonds with angles 
of 1 2 0° between them, and leaving an empty 2p orbital perpendicular to this plane.
The existence of this empty p orbital marks the chemical trend of boron, since its 
presence means that boron can act as a Lewis acid and readily interact with electron rich 
species through its empty orbital, thus forming neutral species (by reaction with a Lewis 
base), or negatively charged species (borates) (by reaction with a nucleophile). Both species 
contain tetrahedral boron sp3 atoms (Figure 1.1). Boron trigonal species can then be 
considered as neutral equivalents of carbocations, and tetrahedral boron species as mimics 
of sp3 carbon compounds. This capacity of boron to form trigonal and tetrahedral species is 
a constant in the mechanisms of the reactions in which boron is involved.
O.em p ty  porbital ''O'
'  Y CN
r3-S'̂ r ^ b . „ h  p i " ® ;" r 3O R 1 H Vj_| R1 vr2R
trigonal sp 2 boron s p e c ie s  neutral tetrahedral sp 3 boron s p e c ie s  anionic tetrahedral sp 3 boron sp e c ie s
Figure 1.1 Trigonal sp2 and tetrahedral sp3 boron species.
The most commonly used boron Lewis acids contain electronegative ligands, and 
have the general structures BX3, RBX2 and R2BX, where X = F, Cl, Br, I and OTf.3 Their 
mechanism of action consists of the activation of a substrate by coordination to a Lewis 
basic atom. These reagents have generally been used in stoichiometric amounts, and due to 
the high affinity of boron for oxygen, they must be used under anhydrous conditions in 
order to avoid decomposition or deactivation. The use of boron reagents as achiral and 
chiral Lewis acids has been widely reviewed in the literature,3'5 and several examples of 
their use in Diels-Alder reactions, formal azfl-Diels Alder reactions and other reactions 
involving carbonyl compounds (see use of chiral boron reagents (*S)-1.5a and (£)- 1.5b on 
page 14), are illustrated for BINOL-boron complexes and analogues in this chapter. A 
representative example of the power of using Lewis acid species in organic synthesis is
* Boron can  a lso  form three-centre tw o-electron bonds, such  a s  in diborane, although this a sp e c t  will not be com m ented  on further a s  an  
exh au stive description of this type of bond is beyond the sc o p e  o f this th esis .
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their use in Diels-Alder reactions between dienes and dienophiles containing an electron- 
withdrawing carbonyl group. Coordination of the Lewis acid to the carbonyl group of the 
dienophile lowers both the energy of its LUMO and HOMO, thus, decreasing the energy 
difference between the HOMO of the diene and the LUMO of the dienophile, which 
consequently results in a faster reaction. Furthermore, this coordination also results in the 
potential for using modified boron Lewis acids reagents to facilitate more regio- and 
stereoselective Diels-Alder reactions.6
- Reactivity of Organoboranes
As a result of the extensive research done by Herbert C. Brown (Nobel prize in 
1979) and other pioneering co-workers, there is now a vast range of organoboron chemistry 
of great utility in synthesis. As a consequence, only a brief overview of general aspects of 
organoboron chemistry is described in this section.
One aspect that determines the mechanism of many reactions of organoboranes 
(boron species containing alkyl groups), is the fact that when a nucleophile bearing a good 
leaving group (or a group capable of accepting electrons) reacts with boron, 1,2 -migrations 
of an alkyl group from boron to the atom bearing the leaving group can easily take place 
(Scheme 1.1). Importantly, these migrations are stereoselective, with the migrating alkyl 
group and the leaving group being antiperiplanar to each other, and with any stereocentres 
in the migrating group being conserved.
Rl ,Ri r ;
O B «  + X— Y --------------►
R3 R3
n ucleophile bearing 
a leaving group or a  group  
cap ab le  o f accepting electron s
" X — Y = O —OH, NH2CI or NH20 S 0 3H, C E O , _ C E N ,“ CCI20 M e , ~C H B rC 02Et, _CHCI2
Scheme 1.1 General mechanism of the reactions of organoboranes with nucleophiles bearing a leaving group or a 
group capable of accepting electrons.
As depicted in Scheme 1.1, some important reactions that take place by this general 
mechanism are:7'9
■ Oxidation of organoboranes with alkaline hydrogen peroxide to give alcohols 
after hydrolysis.
■ Amination reactions using chloramines or O-hydroxylaminesulphonic acid to 
give amines after hydrolysis.
R C
„ > Y 1,2-migration R2,,
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■ Carbonylation reactions using carbon monoxide, followed by further synthetic 
manipulation to afford aldehydes, ketones or tertiary alcohols.
■ Cyanidation reactions with cyanide and electrophiles such as trifluoroacetic 
anhydride, followed by oxidation, to give ketones or tertiary alcohols (with 
excess trifluoroacetic anhydride).
■ Reaction with dichloromethyl methyl ether and a bulky base, followed by 
oxidation, to afford ketones or tertiary alcohols (after three migrations).
■ Reaction with a-bromoester enolates to produce a-alkylated esters after 
hydrolysis.
■ Reaction of boronic esters with LiCHCh to produce a-halo boronic esters,10 
which are commonly used for the asymmetric synthesis of alcohols (see use of 
boron reagent (R)- 1.5a on pages 17 and 18).
PRO TO N O LY SIS ALLYLATION OF CARBONYL CO M PO UN D S
REACTION WITH «,f}-U N S A T U R A T E D  CARBONYL 










Scheme 1.2 E x a m p le s  o f  c o n c e r te d  r e a c t io n s  o f  o r g a n o b o r a n e s  th a t ta k e  p la c e  v ia  c y c lic  tran sition  s t a t e s .
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Organoboranes also undergo concerted reactions via cyclic transition states 
(Scheme 1.2), such as in protonolysis (see also Scheme 1.5) and allylation reactions (see use 
of boron reagents (i?)-1.10a-j on page 19), reactions with a,(3-unsaturated carbonyl 
compounds (see use of boron reagents (/?)-1 .8 a-d on page 16), and in the reactions of boron 
enolates (see Scheme 1.3n).
PhCHO
Ph2BOH (0.1 equiv.) 
OTMS S D S  (0.1 equiv.)
P h C 0 2H (0.01 equiv.)
Ph H20 ,  0 °C, 24  h
n u  n
Ph
SDS: Sodium  dodecyl sulfate
93%, 94 /6  synlanti
Ph










Scheme 1.3 Kobayashi and co-workers’ proposed boron enolate mechanism for stereoselective Mukaiyama aldol 
reactions in water.
All these reactions take place via chair-like transition states. Consequently, the 
geometry of unsymmetrically substituted allylboranes, a,p-unsaturated carbonyl compounds 
and boron enolates, influences the stereochemical outcome of these reactions.7'9 In the case 
of boron enolates of unsymmetrically substituted ketones, regioselectivity can also be 
controlled by formation of either the kinetic or thermodynamic boron enolate, which can be 
achieved by selecting different combinations of bases and boron sources. In addition, an 
important number of asymmetric versions of these reactions using chiral ligands attached to 
boron have been developed,7,9 as will be illustrated in the brief review that follows in this 
chapter.
As commented above, boron has a similar electronegativity to carbon and hydrogen. 
However, boron is more electropositive than hydrogen, and this fact leads to the important 
hydroboration reaction.12 The hydroboration reaction consists of the addition of a B-H bond 
across a double or triple bond. The reaction takes place in a concerted way, although the C- 
B bond forms slightly faster than the C-H bond, leading to a partially charged four-centre 
transition state. This results in 5y«-addition of both components to the multiple bond from 
the least hindered face. Importantly, the reaction shows a high anti-Markovnikov 
regioselectivity, with the boron atom adding to the less substituted carbon (Scheme 1.4).
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This last feature is due to both steric effects, and to the fact that boron is more 
electropositive than hydrogen, and as a consequence, the more electronegative atom adds to 
the more substituted carbon. The combination of the hydroboration reaction with other 
reactions,7'9,13,14 especially the subsequent oxidation of organoboranes to alcohols (see 
Scheme 1.6 and Scheme 1.7), represents an extremely powerful series of transformations 
for organic synthesis. This is also illustrated in the synthetic protocol depicted in Scheme 
1.515 for the transformation of alkynes to alkenes by hydroboration followed by 
protonolysis.
Scheme 1.4 Mechanism of monohydroboration of an alkene.
cycoBH H9Ct  ,™ s  AcOH HgC4 / ™ S
H9C4C =  CTMS --------- — --------------- -- \ = /     V = /  + cyc^BOAc
1.T H F , 0 ° C , 3 h  / \  rt 6  h /  \
2. THF, rt, 1 h H Bcycz H H
H9C4 IM S  BHBr2 S M e2 / ™ S  H 0(C H 2)30 H  / ™ S
y = <  ------------ -— -— ► c 4h 9c h 2c h  ------------------- 1— — ------------------------ ► c 4h 9c h 2c h
J  V  CH2CI2, rt, 6  h \  1:1 CH2CI2 : n -pentane, 0  °C, 30 min \  ,
M M BBr2 S M e2 B
84%




Scheme 1.5 Bhat and Garza’s hydroboration and subsequent protonolysis of 1 -trimethylsilyl-1 -alkynes in their synthesis 
of B-2-(1-trimethylsilyl-1-alkyl)-1,3,2-dioxaborinanes and subsequent oxidation to 1-trimethylsilyl-1-alkanols.
The use of borane for hydroboration reactions can lead to the formation of 
trialkylboranes or even polymers by subsequent hydroboration reactions, and as a 
consequence, alternative hydroborating reagents, which only react once or twice with 
alkenes, have been developed. The most commonly used reagents for this purpose are 
monoalkyl and dialkylboranes such as thexylborane (or TI1BH2), disiamylborane (or 
Sia2BH), 9-borabicyclo[3.3.1]nonane (or 9-BBN), and dicyclohexylborane, obtained from 
the hydroboration of the corresponding alkenes with borane (Figure 1.2). The bulkiness of 
these reagents improves the regioselectivity of the reaction, and can also lead to higher 
diastereoselectivities when chiral alkenes are used. In addition, these reagents have been
- 6 -
Chapter 1 Introduction
designed so that the alkyl groups of the hydroborating reagent do not migrate easily when 










a lso  represented a s  
H
dicyclohexylborane
Figure 1.2 Commonly used hydroborating reagents.
The use of alkenes from the ‘chiral pool’ to form chiral organoboranes that can be 
subsequently used in asymmetric hydroboration reactions or other transformations 
involving organoboranes,7,9,14,16 has been exploited as an accessible route to chiral 
compounds (see Scheme 1.617). Some of the most widely used chiral boranes are derived 
from inexpensive terpenes, such as mono- and diisopinocampheylborane (also represented 
as IpcBH2 and Ipc2BH respectively), and dilongifolylborane (also represented as LgfjBH) 
(Figure 1.3).
&
(+)-m onoisop inocam pheylborane (-)-d iisopinocam pheylborane
(or (+)-lpcBH2) (or (-J-lpczBH)
Figure 1.3 Commonly used chiral boranes.
dilongifolylborane 
(or Lgf2BH)
M e0\  (-HPC2 BH M eo  B lp c, 3 0 % H2Q2 / NaOH (a q ) | Me0*  P H
a-p in en e, THF /  \  T H F ,-25 °C to rt, 12 h
-25 °C, 24  h
72%. > 97% e e
Scheme 1.6 Brown and co-workers’ asymmetric hydroboration using (-)-lpc2BH followed by oxidation to afford a chiral 
alcohol.
Although conventional hydroboration reactions usually occur rapidly and do not 
need to be catalysed, when the boron atom of the organoborane is bonded to a heteroatom, 
such as for the common hydroborating agents catecholborane and pinacolborane, the
- 7 -
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reaction is slow and requires high temperatures to proceed. In 1985, it was discovered that 
hydroborations with catecholborane could be catalysed at room temperature using 
Wilkinson’s catalyst (RhCl(PPh3)3).18 Since then, there have been significant developments 
in the field of metal catalysed hydroboration reactions, especially those catalysed by
demonstrated by these reactions, and most importantly, to the possibility of inducing
Scheme 1.7 Carreira etal.'s rhodium-catalysed hydroboration and subsequent oxidation to give a chiral alcohol.
To conclude, it should be mentioned that boron compounds have also been widely
donation of hydride by ^-elimination of boron from alkylboranes, or by donation of hydride 
by breaking a B-H bond, such as in the case of hydroborates. Whilst hydroborates are 
nucleophilic reducing agents, boranes are electrophilic reducing agents. However, boranes 
complexed with electron rich species can behave in a similar way to hydroborates, as occurs 
in the case of amine-borane complexes. An extensive discussion of the mechanism of 
reduction of different reducing agents is however beyond the scope of this thesis. For 
comprehensive accounts, see the following references.4,7,9,24'26
rhodium (see Scheme 1.719). This is due to the different regio-, stereo- and chemoselectivity
11 on oochirality by the use of catalytic amounts of chiral ligands. ’
catecholb oran e  
toluene, rt, 2  h
2) H20 2, NaOH, H20
1) 1 mol% [Rh(L)(cod)]BF4




cod: cyclooctad ien e
used as reducing agents for carbonyl compounds and for imines (see Figure 1.4 and Scheme 
1.823). The two main mechanisms by which boron compounds act as reducing agents are by
OBnLi'
BH3
C B S-borane com plex (-)-Alpine-Borane® (-)-DIP-Chloride™  
(or (-HpczBCI)
NB-Enantride™
also  represented  a s
Figure 1.4 Some examples of common asymmetric boron containing reducing agents.
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o o
75% , > 99% e e
Scheme 1.8 Brown and co-workers’ asymmetric reduction using (-)-DIP-Chloride.
After a description of the chemistry of boron, the special features of BINOL that 
make it a suitable candidate as a chiral auxiliary or ligand for asymmetric synthesis will 
now be described, in order to provide a background for the following discussion about 
BINOL-boron species and their analogues.
1.2.2 BINOL as a Chirality Inducing Reagent
BINOL (Figure 1.5), belongs to the group of compounds that are chiral without 
possessing stereogenic centres.27 Within this group, BINOL is a member of the compounds 
that show chirality with respect to an axis, which in this case affords atropisomers, a term 
that denotes chirality due to restricted rotation around a single bond. All biaryls that contain 
two different ortho substituents on each ring that are big enough to restrict rotation around 
the axis joining the two aromatic rings demonstrate the phenomenon of atropisomerism.27,28 
In these molecules, the planar conformation is unfavoured, and two non-planar axially 







Figure 1.5 The two different configurations of BINOL.
In the case of BINOL, the restricted rotation is mainly due to unfavourable steric 
interactions between the hydrogens at positions 8 and 8 ’ (see Figure 1.5) that prevent free 
rotation around the aryl-aryl bond. Due to this, BINOL can exist in two different
Chapter 1 Introduction
configurations, (/?) and (5), in which the dihedral angle between the two naphthyl moieties 
is less than 90°.29 To describe the absolute configuration of BINOL (or of another chiral 
biaryl), the molecule is observed along the chiral axis. A projection is then made in which 
the groups closer to the viewer are placed vertically with the group of highest priority 
(according to the Cahn-Ingold-Prelog (CIP) rules and starting from the ortho substituents) 
uppermost. The substituents of the aryl unit situated at the back are then placed horizontally 
and their respective priorities assigned. The two groups of the aryl group closer to the 
viewer have higher priorities than the ones at the back. The configuration is then determined 
by the sense of rotation when going from the lower priority group of the aryl group closer to 
the viewer to the higher priority group of the aryl group at the back. If the sense of turn is 









Figure 1.6 Determination of configuration of BINOL.
The first synthesisf of BINOL as a racemate was reported in 1926, and was 
accomplished by oxidative coupling of the two naphthol units in the presence of FeCh.31 
However, it was not until 1971 when racemic BINOL was first resolved and its absolute 
configuration determined.32 In 1979, Noyori and co-workers published the first 
enantioselective synthesis employing enantiomerically pure BINOL as a chiral ligand, in 
the stoichiometric asymmetric reduction of prochiral aromatic ketones and aldehydes using 
the chiral reducing agent BINAL-H.33 Excellent enantioselectivities of up to 100% ee were 
obtained using this reagent. Since then, and mostly due to the attractiveness of its rigid 
structure and C2 -symmetric nature,34,J5 enantiomerically pure BINOL has been widely used 
as a chiral ligand for asymmetric synthesis,36 with over 1000 reports of its use to date. The 
use of BINOL as a template to create modified BINOL ligands and non-symmetrically 
substituted f l ’-binaphthyls as ligands for asymmetric catalysis has also been widely 
investigated, and their synthesis and applications have recently been reviewed.37 38
f This synth esis  had already been com m unicated in 1873, although without establishing the exact structure of BINOL.30
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1.3  BINOL-Boron C om pounds and Analogues: Trigonal vs. T etrahedral 
Boron
In order to demonstrate the subtle structural differences that may operate in BINOL- 
boron complexes and analogues, the following literature review will present a 
comprehensive overview of the range of different species reported to date, paying special 
attention to any comments made by the authors about their stability. As much of the 
research described in this thesis relates the importance of the structural differences of 
BINOL-boron compounds and analogues to their stability, this review will focus on the 
structure of these reagents and how they were synthesised, and will not provide a detailed 
description of their application for asymmetric synthesis. Two BINOL-boron reagents that 
were developed by Yamamoto’s research group, and that other groups subsequently 
presented as intermediates in their reactions, have not been included in this section of the 
review, as they will be discussed in detail in the following chapters.
The products of the different reactions reviewed are depicted in different colours in 
order to provide a visual illustration of the asymmetric transformation that was carried out. 
Red and green are used for the different substrates that react together in the boron-catalysed 
reactions or in reactions in which BINOL-borates act simply as chiral counteranions, while 
blue is used to highlight a fragment that is reacting under the control of a chiral boron 
reagent. Pink has been used to highlight key structural features within a transition state 
responsible for stereocontrol (page 2 0 ).
1.3.1 Early Examples
In 1986, Kelly et al. proposed structures of the type («S)-1.1 (Figure 1.7) formed as a 
result of the reaction of 5-hydroxy-1,4-naphthoquinone (a /?er/-hydroxyquinone also known 
as juglone) (1 equiv.), with BH3-THF (2 equiv.), (<S)-3 ,3 ’-Ph2BINOL (2 equiv.) and dry 
AcOH (2 equiv.) .39 These complexes acted as stoichiometric templates for asymmetric 
Diels-Alder reactions with achiral oxygenated dienes. The authors commented on the 
convenience of using /?m'-hydroxyquinones as substrates, as the phenolic hydroxyl group 
could act as a second ligand donor to the Lewis acid, thus forming a highly rigid complex. 
The Diels-Alder reactions carried out with these complexes were shown to be regiospecific 
and afforded cycloaddition products with excellent enantioselectivities of up to >98% ee.
-  11 -
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OH 0  OMe
70-90% , > 98%  e e
(L a rsen 's  group)
OH 0  OMe 
69% , > 98%  e e
Figure 1.7 Kelly et a/.'s and Larsen et a/.’s proposed modified BINOL-boron intermediates for asymmetric Diels-Alder 
reactions.
The mediation of complex (S)-1.1 in these reactions was not supported by any 
spectroscopic data, but three experiments were carried out in order to prove this hypothesis. 
Firstly, the substitution of the phenyl groups in (5)-l.l for methyl groups lowered the 
enantioselectivity of the reaction (70% ee). Secondly, the use of different dienes and 
structurally related/?cr/-hydroxyquinones gave the corresponding Diels-Alder products with 
similar levels of asymmetric induction. Finally, conversion of one of the Diels-Alder 
products to a compound of known absolute stereochemistry confirmed that the absolute 
stereochemistry of the products obtained was as predicted if (S )-l.l was an intermediate in 
this reaction.
In 1996, Larsen’s group assumed the same intermediate (S)-l.l in their Diels-Alder 
reaction using a racemic semicyclic diene that experienced kinetic resolution during 
reaction, for their total syntheses of (+)-emycin A and (+)-ochromycinone.40 Similar high 
levels of asymmetric induction were observed as reported by Kelly et al. (>98% ee) (Figure 
1.7).
In 2000, Wipf and Jung made use of the same strategy in their total synthesis of (+)- 
diepoxin o.41 Flowever, since they were employing small symmetrical dienes such as 
cyclopentadiene in their Diels-Alder step, they synthesised (R)- and (,S)- analogues of 1.1 
with bulkier substituents at the 3,3’-positions such as /?-(2-naphthyl)phenyl, in order to 
increase the steric demand needed for good stereoselection (Figure 1.8). Importantly, the 
authors noted the need for complete complexation of their 5-hydroxy-1,4-naphthoquinone 
derivative to the boron Lewis acid for a complete conversion at -78 °C. The 
enantioselectivities obtained in this case were up to 94% ee.
-  1 2 -
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72% , 94%  e e
Ar =
Figure 1.8 Wipf and Jung’s modified BINOL-boron reagent with bulky substituents at the 3,3’-positions for asymmetric 
Diels-Alder reactions with cyclopentadiene.
In 1990, Kauffman and Boese observed the formation of a unique crystalline 
product of molecular mass 874 when they treated (S)-BINOL (1 equiv.) with BH2Br-SMe2 
(1 equiv.), suggesting formation of a compound containing three BINOL ligands and two 
boron atoms such as (S,S,S)-1.3 (see Figure 1.9).42,43 This was surprising since they were 
expecting to form a cyclic borate (S)-1.2 (Figure 1.9) derived from one BINOL ligand and a 
sp2 hybridised boron, similar in structure to the cyclic boron compounds that they had 
obtained previously using metallated 2,2’-dimethyl-l,r-binaphthyls.44 They then 
commented that the structures proposed by Kelly et al. as intermediates in their Diels-Alder 
reactions (see structure (S)-l.l in Figure 1.7) were examples of structures of the type 1.2 
that they were expecting to form. This assumed that Kelly and co-workers’ structures 
involved a trigonal boron however, and overlooked the extra interaction with the lone pair 
of electrons of the carbonyl group existing in structure (S)-l.l that would confer the boron 
atom with sp3 character.
Figure 1.9 Kaufmann and B oese’s expected [(S)-1.2] and obtained [(S,S,S)-1.3] BINOL-boron species in the reaction of 
(S)-BINOL with BH2Br SMe2.
B oron R ea g en t Main P roduct
(S )-1 .2 (S ,S ,S )-1 .3  (or enan tiom er)
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X-ray structural analysis of crystals formed by the reaction of (rac)-BINOL and 
BH2Br-SMe2 confirmed the formation of the C3 -symmetric propeller structure 1.3. 
Importantly, this analysis proved that the complexes formed from (rac)-BINOL were 
homochiral, with each complex containing three molecules of BINOL with the same 
configuration. Recently, this fact was exploited in a protocol designed to increase the 
enantiopurity of scalemic (i.e. nonracemic) BINOL.45 Both enantiomers of 1.3 were 
successfully used as asymmetric catalysts (3 mol%) in the Diels-Alder reaction between 
methacrolein and cyclopentadiene (see main product in Figure 1.9), showing a high exo­
selectivity (97%) and a high enar.tioselectivity (90% ee). It is noteworthy that when the 
authors tried to explain the mechanism of the catalytic reaction, they hypothesised the 
coordination of the carbonyl group of the dienophile to one of the boron atoms of 1.3, 
which might disrupt the C3 -symmetry of the propeller structure, with the subsequent 
stereoselective cycloaddition being controlled by one of the binaphthyl moieties.
1.3.2 BINOL-Boron sp2 Species and Analogues fo r  Asymmetric Synthesis
In 1992, Hino et al. reported the synthesis of borane fft)-1.4 (Figure 1.10) by adding 
BFL'THF (1M in THF) to a solution of (/?)-BINOL (1.1 equiv.) in THF, in an attempt to 
improve enantioselection in the asymmetric reduction of prochiral A-phenyl and TV-benzyl 
imines, and 1-methyl-3,4-dihydro-(3-carboline with chiral dialkoxyboranes.46 The reduction 
was carried out using 5 equivalents of the borane reagent in the presence of 1.2 equivalents 
of MgBr2 OEt2. However, this BINOL-boron complex proved unsuccessful in improving 
the enantioselectivity of the reaction, producing (i?)-amine in 94% yield but in only 20% ee. 
No spectroscopic data supporting the structure of a complex incorporating BINOL and a sp2 
boron within a seven-membered ring were included in this article, with the structure of (R)-
1.4 formed in situ being implied from the stoichiometry of the reagents used for synthesis.






a b so lu te  configuration 
not d e term ined
(R )-1.4 94% , 20%  e e (S )-1 .5a  R = H 
(S )-1 .5b  R = Ph
31% , 12%  e e  
20% , 45%  e e
Figure 1.10 Hino and colleagues’ and Umemoto and Adachi’s BINOL-boron sp2 species and analogues for asymmetric 
synthesis.
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In 1994, Umemoto and Adachi reported the synthesis of chiral boron Lewis acids 
(S)-1.5a and (S)- 1.5b (Figure 1.10) for the enantioselective trifluoromethylation of the 
potassium enolate of propiophenone with S-(trifluoromethyl)dibenzothiophenium triflate. 
This was achieved by mixing the bis(trimethylsilyl)ethers of the corresponding (5)-BINOL 
derivatives (1 equiv.) with PhBCh (for (S)-BINOL) or PhBBr2 (for (5)-3 ,3 ’-Ph2BINOL) (1 
equiv.).47 The authors stated that these compounds were so moisture sensitive that they 
could not be isolated in pure form and were used without further purification. As support 
for the formation of these compounds in high yield, they included ]H, 13C and nB NMR 
analyses. It is noteworthy that the authors commented that the 13C NMR spectra of these 
compounds did not show resonances for their C-B bonds. However, in defense, they also 
reported that the 13C NMR spectrum of a known borole did not show this type of resonance 
under identical measurement conditions. The chiral boron compound was used in slight 
excess with respect to the amount of enolate and trifluoromethylating agent (1.25:1.2:1.0 
molar ratio respectively). The enantiomeric excesses obtained for the trifluoromethyl 
addition product formed using complexes (<S)-1.5a and (S)-1.5b were 12% and 45% 
respectively (Figure 1.10).
In 2000, Chong and co-workers reported on asymmetric conjugate additions of 
alkynylboronates derived from (R)-BINOL and (R)-3 ,3 ’-Ph2BINOL to enones.48 The 
authors reported that they were unable to prepare complex (R)-1.6 (Figure 1.11) as a 
precursor for the synthesis of alkynylboronates of the type (/?)-1.8. They then argued that 
although Yamamoto and co-workers49 had reported the formation of a similar mixed borate 
species previously (see page 38), it had not been isolated or characterised,* whilst they also 
commented on Kaufmann and co-workers’ inability to prepare structurally related complex 
(iS)-1.2 (see Figure 1.9 on page 13). Finally, the desired reactive alkynylboronates (jR)-1.8a- 
d were obtained from sp3 borates (i?)-1.7a-d (as observed by ’H NMR analysis), which had 
been formed by the reaction of lithium B-1 -alkynyltri/sopropylborates (1.2 equiv.) with (R)- 
BINOL or (^)-3,3’-Ph2BINOL (1 equiv.). In the experimental procedure, alkynylboronates 
(R)-1.8a-d were prepared in situ by mixing 1.5 equivalents of (/?)-1.7a-d with 1 equivalent 
of the enone and 2 equivalents of BF3*OEt2. Interestingly, the authors commented that 
although the formation of alkynylboronates (R)- 1.8a-d from treatment of (7?)-1.7a-d species 
with BF3-OEt2 was confirmed by ]H and 13C NMR analysis, they also observed peaks 
corresponding to other related compounds whose intensity increased with time, suggesting 
that species (i?)-1.8a-d decomposed slowly to other boron containing species. Poor to
* S e e  re feren ces (15) and (16) included in referen ce (48).
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excellent enantioselectivitites for the formation of alkyne addition products were obtained 
in these reactions (16->98% ee).
;B - 0 - / - P r
(R)-1.6
Boron R ea g en t 
,R
(R)- 1 .8a R = H Y = n-C 6H13 
(R)- 1 .8b  R = Ph Y = n-C 6H 13 
(R)- 1 .8c R = Ph Y = Ph 
(R)-1.8d R = Ph Y = CH2OBn
R
(R )-1.7a R = H Y
(R )-1.7b R = Ph Y = n-C 6H13 
(R )-1.7c R = Ph Y = Ph 
(R )-1.7d R = Ph Y = CH2OBn




38-99% , 16-> 98%  e e
a b so lu te  configuration determ ined  
by X-ray ana ly sis  of two of th e  ad d u c ts
R 1 = Ar, alkyl, alkenyl 
R2 = Ph, Me, 4-BrC6H4 
Y = n-C6H13, Ph, BnO CH 2
Figure 1.11 Chong and co-workers’ BINOL alkynylboronates and analogues for asymmetric conjugate additions to 
enones.
In 2002, Kaufmann et al. reported a review on their work on the synthesis of chiral 
borates and boronates and their use in asymmetric synthesis.45 Amongst other species, they 
published the synthesis of enantiopure borates and boronates 1.9a-e by mixing equimolar 
quantities of the corresponding enantiopure BINOL derivatives with BH2ChSMe2 , 
B(Allyl)3 , VinylBCh or B(OPh)3 , as well as the preparation of the elusive compound 1.5a 
using PhB(OH)2 (Figure 1.12). Thus, they reported the formation and characterisation of 
1.5a (including high resolution mass spectrum and X-ray analysis (although not included in 
the paper)), a compound that Umemoto and co-workers’ had described as “too moisture 
sensitive to permit its isolation in pure form” (see page 15), making no comment about its 
stability. Furthermore, they included structure 1.9e in their list of compounds, the existence 
of which had been questioned by Chong and co-workers, and whose stability will be 
discussed in detail in the following chapter (see page 51). In this regard, whilst all of the 
other boron containing complexes reported in this paper were fully characterised in the 
experimental section, no data was reported for 1.9e, and so its formation cannot be verified
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at this stage. Moreover, my attempts to acquire spectroscopic evidence for the formation of 
this complex via direct communication with the authors of this paper have to date remained 
unanswered.
Boron R ea g en t Main P roduct
(R)- 1 .9c g av e
HO.
92% , 88%  e e
(R)- 1.9d *
(R )-1.9a R = TM S Y = Cl (or enan tiom er) 
(R)- 1 .9b  R = Br Y = Cl (or enan tiom er) 
(R )-1 .9c R = H Y = Ally I (or enan tiom er)
(R )-1.9d R = H Y = Vinyl (or enan tiom er)
(R )-1 .9e R = H Y = O Ph (or enan tiom er)
(R )-1.5a R = H Y = Ph (or enan tiom er)
(R )-1 .9e gav e di
CHO CHO
Br
84% , e e  not specified  52% , e e  not specified
OH
(R)- 1 .5a g av e
98% , 92%  e e
via
^ ^ O  Ph
(R)- 1 .5a g av e
CHO CHO
Br
69% , e e  not specified  38% , e e  not specified
Figure 1.12 Kaufmann and co-workers’ exam ples of BINOL-boron sp2 species and analogues for asymmetric synthesis.
Boron reagent (i?)-1.9c was used for the asymmetric allylboration of benzaldehyde 
(benzaldehyde:allylboronate ratio 1:1.25) in 92% yield and 88% ee. BINOL boronate (R)-
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1.9d was used in an attempted nickel (0) catalysed [3+2] cycloaddition with 
methylenecyclopropane that failed to give the desired product. Boron reagent (R)~ 1.9e was 
said to have been employed in catalytic amount (3 mol%) in the Diels-Alder reaction of 
cyclopentadiene with either methacrolein or bromoacrolein (examples of a-substituted a,p- 
enals), providing a high exo-selectivity (exoiendo ratio 96:4). Interestingly, the selectivities 
achieved using boron reagent (i?)-1.9e to catalyse these Diels-Alder reactions were the same 
as the selectivities obtained previously using the diborate propeller-like species 1.3, with 
similar yields of products being also observed for the reaction of methacrolein (91% vs. 
90% respectively) and bromoacrolein (56% vs. 51% respectively). Finally, BINOL boronate 
(R)- 1.5a was employed for the asymmetric synthesis of 1-phenylethanol using an (a- 
chloromethyl)boronic ester intermediate that was prepared from the reaction of (i?)-1.5a 
with LiCHCl2, which after rearrangement gave the (a-chloromethyl)boronic ester. 
Treatment of this intermediate with CFbMgBr, followed by oxidation with NaB0 3 , yielded 
(R)- 1-phenylethanol in 98% yield and 92% ee. The same boronate (R)- 1.5a was also used 
for the catalytic (3 mol%) asymmetric Diels-Alder reaction of cyclopentadiene with either 
methacrolein or bromoacrolein, affording Diels-Alder products with lower exo-selectivity 
than with other borates used (exoiendo ratio 93:7 for the reaction of methacrolein).
In 2004, Chong and co-workers extended their methodology on the use of chiral 
boronates to the asymmetric allylboration of aldehydes and ketones using (R)-BINOL and 
3,3’-di substituted (i?)-BINOL allylboronates (i?)-1.10a-j (Figure 1.13).50 These 
allylboronates were prepared in situ by reaction of triallylborane (1.5 equiv.) with the 
corresponding (/?)-BINOL derivative (1.8 equiv.) according to a procedure developed by 
Roush et al.,51 and used directly without being isolated. No spectroscopic data supporting 
their synthesis or intermediacy was included in the paper. The highest enantioselectivities 
were obtained when using chiral boron reagent (i?)-1 .10j with derivatives of benzaldehyde 
and acetophenone, for which enantioselectivities up to >98% ee were observed (Figure 
1.13). Stoichiometric amounts of chiral ligand were used, although it could be recovered 
quantitatively in enantiopure form.
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Boron R ea g en t Main P roduct
(R)- 1 .10a  
(R )-1.10b  
(R)- 1 .10c  
(R)- 1.10d  










4-M eO C 6H4
3,5-(M e)2C6H3,
: 3,5-(f-Bu)2C6H3 





75-98% , 76->  98%  e e
R 1 = H R2 = Ph, 4-M eO C 6H4, 4-CIC6H4, 4 - 0 2NCs H4.
4 -F 3C C 6H4, PhCH=CH , eye
R 1 = CH 3 R2 = Ph, 4-M eO C 6H4, 4-CIC6H4, PhCH=CH ,
f-Bu
R 1 = CH 2Br R2 = Ph
Figure 1.13 Chong et a/.’s (R)-BINOL and 3,3’-disubstituted (R)-BINOL allylboronates for the asymmetric allylboration of 
aldehydes and ketones.
1.3.3 Yamamoto and Co-workers’ Bronsted Acid-Assisted Chiral Lewis Acids 
Containing Additional Phenolic Moieties
In 1994, Yamamoto and Ishihara introduced the first of a series of Bronsted acid- 
assisted chiral Lewis acids (BLAs), (/?)-l.lla (Figure 1.14), which catalysed (at 10 mol%) 
asymmetric Diels-Alder reactions between a-substituted a,p-enals and reactive dienes such 
as cyclopentadiene, with high enantioselectivities (92->99% ee), yields (>99%) and exo- 
selectivities {exoiendo ratios 97:3->99:l).52 Complex (/?)-l.lla was obtained as a 
precipitate from the reaction of (i?)-3,3’-bis(2-hydroxyphenyl)-BINOL (1 equiv.) with 
B(OMe) 3  (1 equiv.) in CH2 CI2 at reflux with removal of MeOH, before being dissolved by 
addition of THF to its suspension in CH2 CI2 for further use. In support of the formation of 
(/?)-l.lla, the authors commented that a peak was observed at 10 ppm in its n B NMR 
spectrum in CD2 CI2 , which was consistent with a tetrahedral structure similar in structure to 
an ionic ate complex of the type B(OR)4".§
§ S e e  refs. (9) an d  (10) included in ref. (52).
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Helical Transition S ta te(R)- 1 .11a R = H
(R)- 1 .11b  R = Ph
Fixed Non-Helical T ransition S ta te  
R = Br, Et, Me
(R)-1.12 (R )-1.13




E xam ples  of Main P roducts
CHO
Br
> 97% , 99%  ee
//_
CHO
Save 61% , 92%  e e
^ .X ^ ^ C 0 2Et
CHO 
87% , 95%  e e
(RJ-1.13 //_
'C H O  
47% , 73%  e e
Figure 1.14 Yamamoto et a/.’s chiral BLAs with additional phenolic moieties as catalysts for asymmetric Diels-Alder 
reactions.
Importantly, the success of catalyst (/?)-l.lla for the induction of enantioselectivity 
was attributed to an intramolecular hydrogen bond between the hydrogen atom of its free 
phenolic moiety (the Bronsted acid) and the oxygen atom of the vicinal B -0  bond, in a 
tetrahedral transition state formed by complexation of the ligand and the enal carbonyl to 
the boron atom (see Figure 1.14). This hypothesis was confirmed by the use of chiral boron 
complexes in which one of the phenol substituents in (/?)-l.lla was protected as its 
benzyloxy, zso-propyloxy or te/Y-butyldimethylsilyloxy derivative, thus, preventing 
stabilisation via intramolecular hydrogen binding, which resulted in a significant lowering 
in the enantioselectivity of the reaction. In addition, the antipode of the Diels-Alder product
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was obtained using these O-protected boron catalysts, which was explained by invoking an 
alternative helical transition state (Figure 1.14). Due to the poor enantioselectivities 
obtained using (i?)-l.lla in catalytic asymmetric Diels-Alder reactions with a-unsubstituted 
a,p-enals, alternative chiral boron catalysts were sought. The problem was partially 
resolved by placing a phenyl group at the ortho position in the phenol moieties (see (R)- 
1.11b in Figure 1.14), which increased the enantioselectivity in the reaction between 
cyclopentadiene and acrolein from 40% ee obtained using (/?)-l.lla  to 92% ee using (R)- 
1.11b.53 In this case, the endo isomer was formed as the major product.
In another attempt to synthesise complexes with greater catalytic activities for a 
wider range of substrates, Yamamoto et al. designed second generation BLAs (/2)-1.12 and 
(i?)-1.13, obtained from complexation of the corresponding triols (1.2 equiv.) with 3,5- 
bis(trifluoromethyl)phenylboronic acid and bis[3,5-bis(trifluoromethyl)phenyl]borinic acid 
respectively (1 equiv.) (Figure 1.14).53'55 In the case of (j?)-1.12, its method of preparation 
proved important in order to obtain the best enantioselectivities in the subsequent Diels- 
Alder reactions (>99% ee), due to the possibility of the existence of 3,5- 
bis(trifluoromethyl)phenylboronic acid as a mixture of monomer, dimer and trimer. Once 
again, it was highlighted that the absence of a Bronsted acid functional group (the phenol 
moiety) lowered the levels of asymmetric induction and afforded much less reactive 
complexes. Complex (^)-1.12 was especially successful, not only for less reactive 
dienophiles, but also for less reactive acyclic dienes and cyclohexadiene. Chiral boron 
Lewis acid catalysts (i?)-l.lla and (i?)-1.12 were also used in the first enantioselective 
catalytic Diels-Alder reaction of dienes with acetylenic aldehydes, with enantioselectivities 
of up to 95% ee reported for both reagents.56 Fascinatingly, the use of complexes (it)-l.lla  
and (J?)-1.12 afforded Diels-Alder products of opposite absolute configurations. However, it 
should be noted that no spectroscopic data supporting the formation of the second 
generation boron complexes was included in any of the papers.
1.3.4 Chiral BINOL-Borates as Counteranions fo r  Asymmetric Catalysis
In 2000, Amdtsen et al. reported the formation of complexes of the type 1.14 as 
chiral counteranions (Figure 1.15), in an attempt to induce enantioselectivity in copper- 
catalysed olefin aziridinations and cyclopropanations using nitrenes and carbenes 
respectively.57 Firstly, the silver salt equivalent of 1.14 was produced by initially mixing 2 
equivalents of enantiopure BINOL with 1 equivalent of BH2BrSMe2 in CH2CI2. After 
removal of CH2CI2, the product obtained was suspended in MeCN and added to a 
suspension of 4 equivalents of Ag2C0 3  in MeCN. Subsequent precipitation with Et2 0  gave
-21 -
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the corresponding silver salt. Thus, although the initial conditions were similar to the ones 
used by Kaufmann et al,25 in the formation of their diborate propeller species 1.3 (see page 
13), subsequent addition of Ag2 CC>3 was reported to provide a borate salt containing two 
BINOL ligands. Reaction of this silver salt with CuCl in MeCN, followed by addition of 
Et20, enabled homochiral 1.14 to be obtained as a white solid, whose structure was 
confirmed by X-ray analysis.** The use of this chiral counteranion as the only source of 
asymmetry in the aziridination of styrene with PhlNTs in CfdTs was only weakly 
stereoselective, affording the A-tosyl aziridine in only 7% ee. Complex (/J,/J)-1.14 has also 
recently been used as a 'H NMR shift reagent for cationic copper (I) complexes.58
Boron R e a g e n t Main P roduct
TsI
N
g a v e  / _ \
''Ph
86% , 7%  e e  
(or enan tiom er)
Figure 1.15 Arndtsen and co-workers’ BINOL borate complex used in copper-catalysed enantioselective olefin 
azirinidations.
Similar borates 1.15a-e (Figure 1.16) were synthesised by Nelson et al. to study the 
influence of chiral anions on the enantioselectivity of reactions of prochiral cations such as 
the ring opening of aziridinium ions with amines or the reaction of iminium ions with N- 
methylindole.59 The ammonium and silver borate salts 1.15a-c and 1.15e were synthesised 
according to literature precedents, using the methods developed by Periasamy et a l60 (see 
page 27) and Arndtsen’s group57 (vide supra) respectively. The sodium salt 1.15d was 
prepared according to a method developed by Matteson and co-workers,61 by treatment of
3.5 equivalents of enantiopure BINOL with 0.46 equivalents of Na2B4(>7-10H2O and 1 
equivalent of NaOH in THF-water. In general, the best results were obtained with the 
ammonium salts, however, the enantioselectivities induced were very low (<15% ee), 
especially for the reaction of the iminium ion with iV-methylindole, and for this reason, in 
this case the absolute configuration of the product was not determined.
* *
A lthough 1H NMR (CD2CI2) an a ly s is  implied th e  ex is ten ce  of only s truc tu re  1.14  in solution, X-ray ana ly sis  show ed  two d ifferent 
sp e c ie s  in a  1:1 ratio, o n e  contain ing  four m olecu les of MeCN (a s  show n in 1.14) and  an o th e r o n e  contain ing  ju s t th ree , in w hich an  
oxygen atom  of th e  chiral an ion  w a s  coo rd inated  to  th e  copper.
Cu(N CM e)4 + 
(R,R)-1.14  (or enan tiom er)
- 2 2 -
Chapter 1 Introduction






< 15%  e e < 15% e e
(R ,R )-1.15a A = Et2NH2 (or enan tiom er)
(R,R)- 1.15b  A = Et3NH (or enan tiom er)
(R ,R )-1.15c A = (R)-PhCH(M e)N H 2 (or enan tiom er) 
(R ,/?)-1.15d A = Na (or enan tiom er)
(R,R)-1 .15e  A = Ag (or enan tiom er)
(or enan tiom er) ab so lu te  configuration 
(depend ing  a lso  on A+) not determ ined
Figure 1.16 Nelson et si.’s  chiral BINOL borate complexes used to induce enantioselectivity in reactions of prochiral 
cations.
1.3.5 BINOL-Boron Compounds and Analogues in Resolution Methods
- Formation of Diastereomeric Cyclic BINOL Borate Esters and Analogues
In addition to the uses of BINOL-boron compounds and analogues in asymmetric 
synthesis already described, these compounds have also been employed in resolution 
methods. In 1996, Shan and co-workers introduced a new method of resolution of (rac)- 
BINOL via the formation of cyclic borate esters. 6 2 In this first publication, the authors 
reported the formation of a borane intermediate {rac)-\A  (Figure 1.17) by reacting (rac)- 
BINOL (1 equiv.) with BH3 *SMe2 (1.35 equiv.). Once again, no evidence for the formation 
of this intermediate containing a trigonal boron was provided (see page 14). However, 
recently, the authors commented about the moisture sensitiveness of both the starting and 
the intermediate boranes. 63 This racemic intermediate was treated with quinine (1 equiv.) to 
produce two diastereomers, which were separated by virtue of their different solubility 
properties in THF, with the diastereomer from (S)-BINOL precipitating from solution, 
while that corresponding to (i?)-BINOL remained in solution. No structures of either of the 
diastereomeric products formed were described. Both diastereomers were decomplexed to 
the corresponding (R)- and (S)- enantiomers of BINOL in 100% ee after treatment with 2N 
HC1 and recrystallisation. Excess B(OMe) 3  (or H3 BO3 ) could also be used as a replacement 
for BH3 SMe2 in the initial formation of the diastereomeric cyclic borate esters, however, in 
these cases lower yields and enantiomeric excesses were obtained.
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(rac)-1.4  quinine
Figure 1.17 Species used by Shan and co-workers for the resolution of (rac)-BINOL by formation of diastereomeric 
cyclic borate esters.
Subsequently, the same group introduced an alternative method using cinchonine as 
the resolving agent instead of quinine, which this time resulted in the opposing diastereomer 
(the one containing (i?)-BINOL) precipitating from toluene.64 The authors again proposed 
that treatment of borane intermediate (rac)-\A  with cinchonine, resulted in the two 
diastereomers (R,S,R)-1.16a and (SJSJl)-1.16b depicted in Figure 1.18.^ IR and MS 
analyses, and mp values were obtained for both diastereomers. Importantly, the authors 
commented in a later paper that both BINOL borate quinine and cinchonine derivatives, the 
latter one proposed to contain BINOL-boron trigonal species, were moisture sensitive.65 
Both enantiomers of BINOL were obtained upon treatment of the individual diastereomers 
(/?,£,/?)-1.16a and (S,*^)-1.16b with 2N HC1. (<S)-BINOL, which was obtained from the 
(S',S,R)-l. 16b diastereomer that remained in solution, was obtained in 91% ee.
B - Q B— 0
(R ,S ,R )- 1.16a* (S ,S ,R )-  1.16b*
*The first chirality descriptor correspon d s to the configuration of the binaphthyl m oiety, and the others to the rest o f the 
s tereo g en ic  cen tres that n eed  to b e defined in the m olecu le, in order of proximity to the binaphthyl m oiety
Figure 1.18 Shan and co-workers’ cyclic BINOL borate cinchonine derivatives for the resolution of (rac)-BINOL.
An interesting modification of this cyclic borate ester resolution methodology was 
introduced in 1998 by Shan and co-workers, using the readily available and less expensive 
amino acid (S)-proline.66 Initially, (rac)-BINOL (1 equiv.) and H3BO3 (1.1 equiv.) were
ft T he authors m issed  the nitrogen in the bridged position of cinchonine and without it the ab so lu te configuration of the depicted  
diastereom ers 1 .16a  and 1 .16b  is different.
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mixed in toluene to yield the anhydride intermediate 1.17 in racemic form (Figure 1.19), 
which was characterised by elemental analysis and IR. Recently, the authors commented 
about the propensity of this compound to hydrolysis, and the difficulty in carrying out 
complexation, which required 8 h to take place efficiently.63 The reaction of the anhydride 
intermediate (rae)-1.17 with (£)-proline gave the two diastereomers ( ,̂*S)-1.18a and (S,S)- 
1.18b depicted in Figure 1.19. This reaction was carried out in two different ways. The first 
method employed, involved isolation of the anhydride (me)-1.17 after evaporation of 
toluene, and subsequent reaction with 2 equivalents of (S)-proline in THF, where the 
diastereomer (S,S)- 1.18b derived from (5)-BINOL precipitated from solution. Separate 
decomplexation of the precipitate and filtrate respectively, involving basic treatment 
followed by treatment with dilute HC1 and subsequent recrystallisation, resulted in both 
enantiomers of BINOL in high enantiomeric excess. The second method involved the 
addition of (.S)-proline directly to a solution of (me)-1.17 in toluene (1:1.1 molar ratio) in a 
‘one-pot’ reaction. After filtering, washing and drying the solid obtained, THF was added to 
further precipitate the diastereomer (S ^ -l.lS b  derived from (S)-BINOL, while the 
diastereomer (/?,£)-1.18a derived from (i?)-BINOL remained in solution. The two 
diastereomers obtained in these reactions were characterised by IR, MS and ]H NMR.
;— o — I
HN HIM
{rac)-1.17 (ft, S)-1.18a* (S,S)-1.18b*
*The first chirality descriptor correspon d s to the configuration o f the binaphthyl m oiety and the other o n e  to the configuration of the proline 
e ster
Figure 1.19 Shan and co-workers’ intermediate species for the resolution of (rac)-BINOL using (S)-proline.
As an indication of the suitability of complexes (i?,£)-1.18a and (£,5)-!.18b for the 
resolution of (me)-BINOL, subsequent papers by Shan et al. described their formation by 
modification of the previous method, and carried out an extensive study of their structures 
in order to confirm their tetrahedral character.63,65 In the first of these publications, they 
formed the diastereomeric complexes by first reacting (me)-BINOL with BH3-SMe2 in Et20  
to obtain the proposed trigonal borane (me)-1.4, which after evaporation of the solvent was 
reacted with (<S)-proline (equimolar to the amount of BINOL) in THF. The authors noted the 
stability of these compounds in air and to acid hydrolysis, which they proposed could be 
related to their structure, due to the existence of a N—>B coordinate bond that would also
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explain the strong absorption at ca. 1230 cm'1 in the IR spectrum of these compounds. The 
diastereomeric complex derived from (S)-BINOL was fully characterised.
Recently, the existence of the N—»B coordinate bond was confirmed when the 
authors published a crystal structure of the complex formed from (i?)-BINOL and (S)- 
proline, which revealed the existence of this bond, resulting in a partial positive charge on 
the nitrogen, and a partial negative one on the boron.63 The parameters obtained also 
indicated that the boron atom had an almost tetrahedral configuration, which would be 
responsible for the high stability of these compounds. The authors commented that these 
complexes could be used as catalysts in a number of asymmetric reactions.** In this 
publication, the diastereomeric complexes could be prepared in a ‘one-pot’ fashion by 
reacting equimolar amounts of (rac)-BINOL, B(OBu)3 and (S)-proline in dry toluene.
In 2000, Keay’s group employed the strategy of forming diastereomeric cyclic 
BINOL borate esters with (5)-proline developed by Shan and co-workers to resolve their 
racemic BINOL derivatives, by separation of the tetrahedral diastereomeric species (R,S)- 
1.19a and (S,S)-1.19b (Figure 1.20) by column chromatography, followed by basic and 
subsequent acidic treatments.67 The diastereomeric complexes (i?,<S)-1.19a and (S,S)-1.19b 
were prepared by reacting the BINOL derivative with BH3-SMe2 (1:2.7 molar ratio) in Et2 0 , 
followed by evaporation of the solvent and subsequent addition of 2.2 equivalents of (5)- 
proline in THF. The solid diastereomeric mixture obtained at the end of the reaction was 
chromatographed to give both diastereomers (/?,£)-1.19a and (S,S)- 1.19b, which were 







(R ,S)-1 .19a* (S ,S )-1 .19b *
*The first chirality descriptor correspon d s to the configuration of th e binaphthyl m oiety and th e other o n e  to the configuration o f th e  proline 
ester
Figure 1.20 Keay and co-workers’ diastereomeric complexes for the resolution of their racemic BINOL derivatives.
- Formation o f Diastereomeric BINOL-Borate Ammonium Salts
Periasamy’s group has also been intensively involved in the development of 
resolution methods using BINOL-boron species.60,68'73 In 1996, they reported a method for 
the enrichment of the enantiomeric excess of nonracemic mixtures of BINOL, by reacting
** The reference given w a s  a PhD dissertation by o n e  of the authors, written in C hinese .
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scalemic BINOL and H3BO3 at reflux in MeCN in the presence of NJJJV’JC- 
tetramethylethylenediamine (TMEDA), which precipitated the complex formed.68 The 
structure of the complexes formed under these conditions could not be determined, although 
the authors noted the formation of Kaufmann and Boese’s complex (rac)-1.3 (see Figure 1.9 
on page 13) 43 when a 3:2 ratio of (rac)-BINOL to H3BO3 was reacted in benzene at reflux 
in a Dean-Stark apparatus.69 They also added that the results obtained were in accordance 
with the formation of only homochiral (R,R,R) or (S,S,S) complexes from the enantiomer 
present in excess69 as observed by Kaufmann and co-workers.43
In 1999, the group developed a resolution method for (rac)-BINOL by reacting it 
with H3BO3 and enantiopure a-methylbenzylamine.60 Initially, the authors used a 3:2 ratio 
of (rac)-BINOL to H3BO3 in the expectation that the diborate propeller-like structure (rac)-
1.3 would be formed. However, when refluxed a 3:2 ratio of (rac)-BINOL to H3BO3 in 
MeCN in the presence of (7?)-a-methylbenzylamine, suitable crystals for X-ray analysis 
were obtained from the filtrate of the reaction, revealing the formation of the homochiral 
BINOL borate ammonium salt (i?,^)-(i?)-1.20a (Figure 1.21). The different solubility 
properties of the two diastereomeric compounds (i?,i?)*(i?)-1.20a (insoluble in THF) and
(S,S)’(R)-1.20b (insoluble in MeCN) were exploited to develop a practical resolution 
method, where the two enantiomers of BINOL were obtained from their respective 
diastereomeric complexes in 99% ee after treatment with dilute HC1. Due to the observation 
of the formation of complexes of the type 1.20, the stoichiometry of (rac)-BINOL to H3BO3 
finally used in the optimised resolution protocol was 2:1, using 3 equivalents of enantiopure 
a-methylbenzylamine.
*The chirality descriptors in the first bracket correspond to the configurations o f the binaphthyl m oie ties of th e borate anion  
and the o n e  in the seco n d  bracket to the configuration o f the am m onium  cation
Figure 1.21 Periasamy and co-workers’ BINOL borate ammonium salts employed for the resolution of (rac)-BINOL.
Using the same principle, Periasamy and co-workers further developed their 
methodology for the resolution of racemic amino alcohol derivatives using enantiopure 
BINOL.70,71 Thus, in 1999, both the racemic trans-amino methyl ether depicted in Figure
h 3n  nh
X
Me Ph
(R ,R ) (R )-  1 .20a* (or enantiom er) {S,S) (R )-  1.20b* (or enantiom er)
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1.22  and its corresponding alcohol were resolved in an adaptation of the method previously 
developed for the resolution of racemic BINOL.70 For example, the (lS',2S')-amino ether 
was obtained in >99% ee after acidic and basic treatments of the precipitate arising from 
reaction of (7?)-BINOL, H3BO3 and racemic amino ether in MeCN at reflux in a 2:1:3 molar 
ratio. X-ray analysis of crystals of the precipitated complex showed it to have the structure 
(Figure 1.22). For the case of amino alcohols, the hydroxyl group could 
potentially coordinate to the boron as another donor ligand, offering the possibility of 
formation of complexes with tetrahedral character due to a N—>B coordinate bond, as 
shown previously for (S)-proIine (see Figure 1.19 on page 25). No suitable crystals for X- 
ray analysis could be obtained for an amino alcohol derivative to unequivocally prove its 
structure,70 however, the presence of a peak at 3410 cm-1 in the IR spectrum corresponding 
to an OH absorption suggested the formation of a BINOL borate ammonium salt in these 
instances.
'OMe
(fi,R ) (1S ,2S )-1 .21a*  (or enantiom er) (R,R) (1R ,2R )-1 .21b* (or enantiom er)
"The chirality descriptors in the first bracket correspond to th e configurations o f the binaphthyl m oieties o f the borate anion and  
the o n e s  in the seco n d  bracket to th e configurations of th e s tereo g e n ic  centres o f the am m onium  cation
Figure 1.22 Periasamy and co-workers’ diastereomeric BINOL borate ammonium salts formed when mixing (R)-BINOL, 
H3BO3 and a (rac)-amino ether.
In 2001, the group published an extension of this methodology to the resolution of 
other racemic and diastereomeric amino alcohol and amino ether derivatives.71 This time, 
crystals of diastereomerically pure complexes for X-ray analysis could be obtained for some 
amino alcohols [(R,R)-(R)- 1.22a and (/?,i?)-(2,S,5.R)-1.23a] confirming that the borate 
ammonium salt species had also been formed in these cases (see Figure 1.23).










*The chirality descriptors in the first bracket correspond to the configurations o f the binaphthyl m oieties of the borate anion and  
the o n e s  in the seco n d  bracket to the configurations of the s tereogen ic  centres of the amm onium  cation
Figure 1.23 Some examples of diastereomeric BINOL borate ammonium salts formed with amino alcohols isolated by 
Periasamy and co-workers.
In 2003, Shan’s group published a similar method for the resolution of (rac)- 
BINOL using H3BO3 and //zra?-(lS',2.S)-2-amino-l-(4-nitrophenyl)propane-l,3-diol- 
cyclohexanone condensate in a 2:1:1 ratio respectively.74 The precipitate obtained in the 
reaction carried out in THF or MeCN was analysed by IR, ]H NMR and MS, and 
subsequent decomplexation of this precipitate to the corresponding enantiomer of BINOL, 
revealed it to be the borate ammonium salt (R,R)-(\S,2S)-1.24si (Figure 1.24). Acidic 
treatment and recrystallisation gave both enantiomers of BINOL in 100% ee and 65% yield 
from the precipitate and the filtrate of the reaction respectively.
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(R ,R)(1S ,2S)-1.24a (S ,S )(1S ,2S)-1 .24b
‘The chirality descriptors in th e  first bracket correspond to the configurations o f the binaphthyl m oieties of the borate anion and  
the o n e s  in the seco n d  bracket to th e configurations o f the stereogen ic  cen tres  o f the am m onium  cation
Figure 1.24 Shan et a/.’s resolution of (rac)-BINOL by formation of diastereomeric BINOL borate ammonium salts.
Finally, in 2004 Periasamy et al. reported the synthesis and resolution of l-(a- 
pyrrolidinylbenzyl)-2-naphthol (Figure 1.25) and its use for the resolution of (rac)- 
BINOL.73 Equimolar amounts of (rac)-BINOL, H3BO3 and enantiopure aminonaphthol 
were mixed in MeCN, where one of the diastereomers formed precipitated. For example, 
both enantiomers of BINOL were obtained in enriched form from the precipitate [(£)- 
BINOL with 90% ee] and the filtrate [(^)-BINOL with 43% ee] of the reaction when using 
(S)-aminonaphthol. These mixtures could be further enriched to up to >99% ee by using 
H3BO3 and TMEDA as described above (see page 27). No structure of the diastereomeric 
structures formed was included in the paper.
Figure 1.25 Chiral aminonaphthols used in conjunction with H3BO3 for the resolution of (rac)-BINOL by Periasamy and 
co-workers.
1.3.6 Other Examples o f  BINOL-Boron Compounds
In 1998, Norman et al. reported the synthesis of diborane 1.25 (Figure 1.26) in 
racemic form by reacting 1 equivalent of B2(NMe2)4 with 2.1  equivalents of racemic 
BINOL, in their work involving platinum-catalysed 1,4-diboration of 1,3-dienes.75 Racemic 
diborane 1.25 was frilly characterised and analysed by X-ray crystallography, although it 
failed for its intended purpose. Unlike in other diborane bis(diolates) reported previously, 
the phenol groups of each BINOL ligand were attached to different boron atoms in the
(R)-1-(a-pyrrolidinylbenzyl)-2-naphthol (S)-1-(a-pyrrolidinylbenzyl)-2-naphthol
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presence of a B-B bond. Interestingly, the authors attributed this result to the preferred 
formation of a seemingly more stable eight-membered ring over a seven-membered one 
(this point will be discussed further in the following chapter). The parameters obtained from 
the X-ray analysis of (rac)-1.25 showed it to be effectively unstrained. This analysis also 
demonstrated that the eight-membered B2O2C4 rings adopted a boat conformation, and that 
the two BINOL ligands were of the same configuration. Modelling studies predicted that a 
twist-boat conformation might also be possible and thus, that two more conformational 
combinations (twist-boat/twist-boat and boat/twist-boat) might exist in solution. However, 
NMR analysis showed the existence of only one diastereomeric conformer in solution, 
which according to the authors, was likely to be the one observed in the crystal structure.
° ^ °
(S ,S )-1 .2 5  ( + enantiom er)
Figure 1.26 Norman and co-workers’ diborane in which the diols are attached to different boron atoms.
In 2002, Kaufmann et al. reported the formation of chiral boranes 1.26a,b (Figure 
1.27), formed in situ by reaction of 1.1 equivalents of enantiopure BINOL, 1 equivalent of 
BH3*SMe2 and 1 equivalent of a primary aromatic amine.45 No spectroscopic data 
supporting the formation of these complexes was included in the paper. 2  equivalents of 
enantiopure 1.26a or 1.26b were used for the asymmetric reduction of 1 equivalent of 
acetophenone in the presence of 1 equivalent of BF3*OEt2, which gave 1-phenylethanol in 
45 and 54% ee respectively. The enantioselectivity induced was rationalised by the 
formation of a six-membered transition state stabilised by n-n interaction between a 
naphthyl component of BINOL and the aryl group of the aromatic amine, which is likely to 
be stronger when the aromatic ring of the amine contains an electron withdrawing group.
Boron R eagen t Main Product
(R )-1.26a R = 4 -N 0 2 (or enantiom er) 
(R )-1 .26b  R = 3 -N 0 2 (or enantiom er)
g a v e
H0.  .H
(or enantiom er)
75% , 45%  e e  
76% , 54%  e e
Figure 1.27 Kaufmann and co-workers’ chiral boranes for the enantioselective reduction of acetophenone.
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1.3.7 Structures Formed with Other Biarylols
As evident from the preceding discussion, and as well reviewed by Kaufmann et 
al.,45 the reactions of biarylols with boron compounds suffer from a certain degree of 
unpredictability, with the structure of the product being highly dependant on both the boron 
reagent and the substitution pattern of the biarylol. This last feature can be seen from the 
examples depicted in Figure 1.28, where complexes 1.27 (no spectroscopic data reported) ,76
1.28,45 and 1.29a,b45 were formed under otherwise identical conditions.





(R ,R ,R )-1.28
1 .29a  R = H 
1 .29b  R = CH3
configuration not specified
Figure 1.28 Examples of different structures formed from reaction of BH3 SMe2 with different biarylols.
Due to the influence of the substitution of the biarylol in the structure of the product 
formed by reaction with boron compounds, this mini-review has been confined exclusively 
to BINOL-boron compounds and analogues, however, the extensive work of Wulff et al.71' 
85 on the design and use of the vaulted biaryls 2,2’-diphenyl-[3,3,-biphenanthrene]-4,4’-diol
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(VAPOL) and 3,3,-diphenyl-[2,2’-binaphthalene]-l,l’-diol (VANOL) (Figure 1.29) as 
chiral ligands deserves comment. Boron catalysts containing these ligands have been 
employed for highly stereoselective asymmetric Diels-Alder and aziridination reactions, 
although no structure of the catalytic species formed when reacting these biarylols with 
BH2BrSMe2 (or BBr3),78 BH3 THF,81 or B(OPh)3 82,83 has been reported to date. However, 
the authors noted that the catalysts formed by reaction of VANOL or VAPOL with 
BH3*SMe2 provided chiral products of opposite configuration to those ones formed using 
BINOL-boron propeller species 1.3 (see page 13) of the same configuration prepared under 
the same conditions, for the Diels-Alder reaction between cyclopentadiene and 
methacrolein.78 This reversal in selectivity, coupled with the different behaviour shown by 
the catalysts formed by reaction of BINOL and the vaulted biaryls with PI1BCI2 for the same 
Diels-Alder reaction, would suggest that the catalytic species formed using BINOL and the 
vaulted biaryls VAPOL and VANOL are significantly different in nature. Importantly, the 
authors noted that in the ]H NMR spectrum of the product formed in the reaction of BINOL 
with PI1BCI2 “the phenyl region is increased in complexity and suggests a loss of C2- 
symmetry”. Thus, it seems that they were unable to observe the elusive boron sp2 species 
(R)-1.Ssl (see page 15).
(S)-VAPOL (or enantiom er)
Figure 1.29 Wulff et al.'s vaulted biaryls VAPOL and VANOL.
(S)-VANOL (or enantiom er)
1 .4  Final R em arks
From this mini-review on BINOL-boron complexes and analogues, it can be 
concluded that although several monomeric seven-membered cyclic BINOL-boron sp2 
species and analogues have been reported, they have been generally prepared in situ without 
being isolated, and their instability towards hydrolysis has been commented upon on several 
occasions. Furthermore, several other attempts to form this type of species have been 
unsuccessful, as demonstrated in the alternative formation of the diborate propeller species
(S,S,S)-1.3 (see page 13), the unsuccessful attempts by Chong and co-workers to prepare the
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mixed borate (i?)-1.6 (see page 16), and by Wulff et a l to prepare boron sp2 species (R)- 
1.5a (vide supra). Finally, it is also important to highlight the observation made by Norman 
et al. of the preferred formation of eight-membered cyclic BINOL-boron sp2 complexes 
over seven-membered ones. On the other hand, the high stability of BINOL-boron sp3 
species has been commented upon and numerous species of this type have been isolated. In 
light of these observations, an investigation to determine whether sp2 or sp3 BINOL-boron 
complexes were formed as catalytic species in asymmetric formal flza-Diels-Alder reactions 
is described in the next chapter.
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“Whenever you teach, teach to doubt about what you teach at the same time. ”
Jose Ortega y Gasset
Chapter 2 Results and Discussion
2 Nonlinear Effects, Ligand Accelerated Catalysis and 
Dynamic Ligand Exchange Occur when Chiral BINOL-Boron 
Lewis Acids are Used for Asymmetric Catalysis1
2.1 Sum m ary of th e  C hap ter
This chapter begins with a brief review on the use of nonlinear effects in 
asymmetric catalysis, in order to provide a background to my research. The chapter then 
continues with an overview of two types of BINOL-boron Lewis acids that were reported 
by Yamamoto’s group for asymmetric formal aza-Diels-Alder and aldimine-aldol reactions 
(Figure 2.1). The first catalytic species was assumed to be a mixed cyclic borate (i?)-2.1 
containing one BINOL ligand within a seven-membered ring involving a sp2 hybridised 
boron and one OPh ligand, due to the 1:1 stoichiometry of (i?)-BINOL to B(OPh)3 used for 
its preparation. The second species, (R,R)~2.2, whose structure was determined by X-ray 
analysis, was a sp3 borate anion formed by the coordination of two BINOL ligands to the 
boron atom, and was synthesised by reacting 2 equivalents of (J?)-BINOL with 1 equivalent 
of B(OPh)3 or B(OMe)3. Both proposed species induced similar levels of enantioselection 
and displayed similar catalytic activities in formal aza-Diels Alder reactions.
B— OPh
(R)-2.1 (R ,R )-2 .2
Figure 2.1 Two types of BINOL-boron Lewis acids proposed by Yamamoto and co-workers for asymmetric aza-Diels- 
Alder and aldimine-aldol reactions.
As the literature review on BINOL-boron species described in the introduction has 
shown, several research groups have commented on the instability of BINOL-boron sp2 
species, which was also experienced in preliminary work carried out within the Bull and 
James groups. In view of this, it was decided to investigate whether (J?)-2.1 was indeed the 
catalytic species involved in reactions mediated by BINOL-boron Lewis acids prepared by 
mixing equimolar amounts of (J?)-BINOL and B(OPh)3. Nonlinear effects have been used 
previously to probe whether a catalytic species contains two or more chiral ligands. 
Consequently, nonlinear effect studies were carried out in order to disprove the 
intermediacy of (/?)-2.1 in asymmetric aza-Diels-Alder reactions. This investigation
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revealed that positive nonlinear effects operated in these reactions when 1 and 2 equivalents 
of scalemic (i?)-BINOL were used to prepare the catalytic species. This proved that more 
than one (J?)-BINOL ligand was present in the active catalytic species and therefore, 
dismissed the intermediacy of C#)-2.1 in these reactions. In addition, given that a catalytic 
species with at least two (7?)-BINOL ligands was involved in the reaction, it was proven that 
ligand accelerated catalysis and dynamic ligand exchange were occurring in these reactions, 
which led to further improvements in the general efficiency of the formal oza-Diels-Alder 
reaction.
2 .2  Nonlinear Effects in A sym m etric Catalysis2*
2.2,1 The Origins
Enantiomers have the same physical and chemical properties, differing only in the 
direction in which they rotate plane-polarised light, while diastereomers can have different 
physical and chemical properties. However, mixtures of enantiomers do not always behave 
in a thermodynamically ideal way.9 In 1974, Horeau and Guette discussed in detail the 
existence of diastereomeric interactions in certain mixtures of enantiomers in solution, 
which explained the observation that solutions of scalemic compounds sometimes showed 
different physical properties depending on their enantiomeric composition.10 Two years 
later, Wynberg and Feringa considered the consequence of these interactions in chemical 
reactions, demonstrated by the difference in diastereoselectivity observed in a reaction 
between an achiral reagent and an enantiomerically pure or racemic starting material.11 
Consequently, they concluded the following: “When a chiral substance undergoes a 
reaction, the reaction rate and the product ratio will depend—inter alia—upon the 
enantiomeric excess present in the starting material.” In 1991, Noyori and Kitamura 
compiled a list of examples that had been reported in the literature explaining the nonideal 
behaviour of a range of physical and chemical properties by consideration of diastereomeric 
interactions of enantiomers.12 Since then, many more examples have been reported.13,14
Although Izumi and Tai15 commented in 1977 on the possibility of the existence of 
similar effects in asymmetric catalysis when using metal catalysts derived from several 
nonenantiopure ligands, it was not until 1986 that Kagan et al. demonstrated this fact2 Prior 
to this publication, it was generally believed that the enantiomeric excess of the product of 
an asymmetric reaction (eepr0(j) was related to the enantiomeric excess of the chiral
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auxiliary* used (eemx) in a linear fashion by means of Equation 2.1, where eemax represented 
the enantiomeric excess of the product obtained when using enantiopure chiral auxiliary 
(see straight line A in Figure 2.2).
®®prod =  ® ® m ax® ® aux
Equation 2.1
Taking as an example a chiral organometallic catalytic species, this equation would 
be valid in the case of a catalyst of the type ML, where (L) represents a chiral ligand and 
(M) the rest of the complex. However, when the chiral catalyst contains two or more chiral 
ligands, if the chiral ligand is not enantiomerically pure, there is the possibility of forming 
homochiral species (containing ligands of only one configuration) and heterochiral species 
(containing ligands of both configurations). Since these homochiral and heterochiral species 
are diastereomeric, they may exhibit different reactivities and enantioselectivies and 
therefore, the product enantioselectivity is not necessarily proportional to the enantiomeric 
excess of the chiral auxiliary used.
(+ )-nonlinear e ffec t
(asym m etric  am plification)
100
proportionality  betw een  
e e prod an d  e e aux40
(-)-nonlinear e ffec t
(asym m etric depletion)
0 20 40 60 80 100
e e aux (%)
Figure 2.2 General correlations between eepr0d and eeaUx-
The results obtained by Kagan et al. in 1986 when they investigated the relationship 
between eepr0d and eeaux in three different reactions showed that three types of correlations 
were possible2 as shown in Figure 2.2.5 It should be noted that these curves are idealised
" T he term  chiral auxiliary refers  to both a  chiral auxiliary u sed  in sto ichiom etric am o u n t in asym m etric  sy n th es is  an d  a  chiral ligand u sed  
in asym m etric  ca ta lysis.
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and more complicated situations are often found experimentally.4 Some terminology was 
then created in order to describe these effects. When a curve above the straight line (A) was 
obtained, the eeprod was higher than that expected from the eeaux (see Curve B), and a 
positive nonlinear effect [(+)-NLE] was said to be operating in the reaction. The term 
asymmetric amplification was also introduced and coined as a synonym of this effect. When 
the curve was below the straight line (A), a negative nonlinear effect [(-)-NLE], or an 
asymmetric depletion was said to occur, and was found when the eeprod was lower than that 
expected from the eemx (Curve C). According to Kagan, these deviations come as a result of 
the formation of diastereomeric species when using nonenantiopure chiral auxiliaries, which 
cannot be formed when a catalyst is prepared from an enantiopure ligand.7,8
After these observations, Kagan and co-workers developed models with which 
theoretical curves that fitted the experimental results could be drawn, providing an 
interpretation of the possible mechanism of the catalytic cycle producing the NLE.2,3,5 Two 
main models were proposed, depending on whether the additional diastereomeric species 
were catalytically active or inactive. Examples of nonlinear effects in catalysis obtained by 
the use of pseudo-enantiomeric catalysts,5,7 kinetic resolution,7 other techniques used to 
activate or deactivate one of the enantiomers of a racemic mixture of the ligand,16,17 and 
autocatalysis,18 are not included in this discussion. For comprehensive accounts of these 
examples the reader should check the reviews referenced herein.
2.2.2 The MLn Model2’3’5
This model, developed for catalytic systems containing (n) ligands where 2<n<4, is 
based on a system in which ligands are rapidly exchanged between reactive species 
containing ligands of either configuration (L ,̂ Ls) around the metallic core (M). Other 
assumptions used to develop this model are: no free ligand is present, or if some remains, its 
enantiomeric excess is equal to eeawi; no change to the relative proportion or structure of the 
active chiral catalyst occurs during the reaction; the different catalytic species are in 
equilibrium and the constant of this equilibrium (K) is independent of eeaux; finally, a meso 
structure is assumed for complexes containing equal numbers of both ligands. The same 
type of discussion applies to (ML)n systems.
Considering the simplest example of a complex of the type ML2, if (L) is not 
enantiomerically pure, three complexes ML̂ ?L̂ , ML5L5 and MLflLs could be formed, the 
first two complexes showing the same reactivity and yielding enantiomeric products, and 
the latter complex assumed to produce racemic product. According to this, a NLE would be
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observed due to the participation in the catalytic cycle of the heterochiral catalyst, which is 
either more reactive than the homochiral ones, therefore making the eeprod smaller than that 
expected, or less reactive, consequently observing an eeprod higher than that predicted by 
Equation 2.1 (see page 40). In this last case, the amplification in eeprod arises from the 
‘subtraction’ of some racemic ligand in the form of a less reactive heterochiral catalyst. A 
new equation (Equation 2.2) relating eeprod and eeaux was described by Kagan et a l 
according to the kinetic model shown in Scheme 2.1. The model considers that the three 
complexes are in equilibrium with final concentrations (x), (y) and (z) and equilibrium 
constant (K), and that the reactions catalysed by these complexes are irreversible, with rate 
constants represented as kRR, k^ (k** = kss) and kRs.













K = z 2 / xy 
P = z  / (x + y) 
9 = kRS /  kRfl
Scheme 2.1 Simplified model of a catalytic reaction using a catalyst of the type ML2
The new parameters introduced in Equation 2.2 relating eeprod and eeaux are (p), 
which represents the relative amounts of heterochiral and homochiral catalysts, and (g), 
representing their relative reactivities (see Scheme 2.1). By introducing these parameters in 
the equation, the origin of the NLE in a reaction can be determined quantitatively. Thus, if 
P = 0 (z = 0, no heterochiral catalyst producing racemic product present) or g = 1 (same 
reactivities of heterochiral and homochiral catalysts), a linear relationship will be obtained. 
Whenever (l+P)/(l+gp) * 1, a NLE will be observed. When (l+P)/(l+gP)>l, a (+)-NLE 
occurs, due to g<l, meaning that the heterochiral species is less reactive than the 
homochiral ones, with the greatest (+)-NLE occurring when g = 0 (the heterochiral species 
does not react). In this last case, eeprod = eemax.eeaux-(l+P) an(* consequently, the greater the 
relative amount of heterochiral complex with respect to the homochiral complexes, the 
bigger the (+)-NLE observed. When (l+p)/(l+gp)<l, then g>l, and therefore, the 
heterochiral species is more reactive than the homochiral ones and a (-)-NLE is observed. In 
order to be able to compute curves for comparison with experimental data, Kagan and co-
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workers reformulated these terms to represent Equation 2.2 in terms of (g) and (K) 
(Equation 2.3).
-K ee2aux + V ^ K e e 2^* + K(4 + e e 2aux)
P = ---------------------------- :-------------------
4 + K ee2aux
Equation 2.3
Giving different values to (K) and (g) and substituting them in Equation 2.3 and 
Equation 2.2, theoretical curves of eeprod as a function of eeaux could be obtained for each set 
of (K) and (g) values/’5 Good fits of experimental data with these curves provided an 
explanation of the possible catalytic cycle of a reaction. The values of (K) obtained from the 
fit of the experimental data indicate the amount of heterochiral catalyst present, while the 
values of (g) show its relative reactivity with respect to the homochiral species.
Similar models for M*L2 [case in which a chiral centre is created on (M) by 
introduction of chiral ligands (L)], ML3 and ML4 systems were created using similar 
definitions and assumptions, and theoretical curves, some of them quite complex, were also 
computed. However, a complete discussion of these models is beyond the needs of this 
thesis, and more information about these analyses can be found in the references given at 
the beginning of this section. Nevertheless, as a final remark, it should be commented that 
when a NLE is observed, the shape of the curve obtained can serve as an indication of the 
type of catalytic species involved by comparison with the theoretical curves computed for 
each system. In addition, the maximum number of intersections of the theoretical curves 
with the straight line has been calculated to be equal to n-2, where (n) is the number of 
chiral ligands present in the chiral catalyst.
2.2.3 The Reservoir Effect Model3,5
This model is based on the formation of what Kagan and colleagues described as a 
“reservoir” of inactive complexes, which do not take part in the catalytic cycle, but modify 
the enantiomeric excess of the active catalytic species when nonenantiopure chiral 
auxiliaries are employed (Scheme 2.2).
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M + LR + Lg
chiral auxiliary 
1 m ole o f L with e e aux
reservoir of inactive s p e c ie s  catalytically active s p e c ie s
a  m o les  o f L with e e r8s 1 -a  m oles of L with e e eff
Scheme 2.2 The reservoir effect model.
Considering an initial amount of chiral ligand of 1 mole with eeaux and representing 
by a  the number of moles of inactive catalytic species formed with eeres, then if eeaux* eeTes, 
the enantiomeric excess of the chiral ligand available for the active catalytic species will be 
different from the initial one, and is represented as (standing for effective enantiomeric 
excess). This new eeetr can be calculated by Equation 2.4. This equation allows graphical 
representation of ee& as a function of eeaux for different values of a  and eeres, and by 
substituting eeaux with eeefr in Equation 2.1 (see page 40), good approximations are obtained 
when drawing curves that fit experimental data.
e e aux - a e e ra8
®®eff =  ------------- : ----------------------
1 - a
Equation 2.4
Thus, according to this model, an increase in the enantiomeric excess of the chiral 
ligand in the active catalyst occurs when eeres is lower than eeaux, with a corresponding 
decrease when eeTQS is higher than eeaux. The storage of these inactive species can occur by 
different mechanisms as discussed by Kagan et al., with the most common example being 
the formation of thermodynamically stable and inactive heterochiral dimeric species.
To conclude, it should be noted that the two models presented predict similar results 
in certain situations, and thus, sometimes both fit the experimental data and only a detailed 
kinetic study provides the answer as to which one is occurring for a given reaction.3
2.2.4 A Classical Case Study o f  Nonlinear Effects in Asymmetric Catalysis
In order to demonstrate in a more graphical way the usefulness of the observation of 
NLEs in catalytic asymmetric reactions, a classical example of a reaction demonstrating 
these effects is now presented along with some conclusions drawn from the study.
MiM-f? + MjLs Ls  + M|LrLs 
+ M|LrLrLr + ...
MLr + MLS + MLrLs  +
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One of the earliest and most striking examples of a (+)-NLE was published by 
Noyori et al. in 1989 for the addition of dialkylzincs 2.3a,b to benzaldehyde 2.4 catalysed 
by (2S)-(-)-3-£xo-(dimethylamino)isobomeol [(-)-DAIB] (S)-2.5 of different enantiopurities 
to yield the corresponding (S)-alcohol (5)-2.6a,b (see Scheme 2.3 and Figure 2.3).19
R ,Z n
cat. (-)-DAIB (S)-2.5 H ,0 +
2 .3 a  R = Me 
2 .3 b  R = Et
2.4 (S )-2 .6a R = Me 
(S )-2 .6b  R = Et
^^N(CH3)2 
(-)-DAIB = ( - ( - [
y'sNDH
(S )-2.5
Scheme 2.3 Noyori et al.'s addition of dialkylzincs to benzaldehyde catalysed by (-)-DAIB.
i oo
BO -
f t  -  C B ,
6 C *
3 20 60 60 ' 0340
%  »r o f  H -O AIB
Figure 2.3 (+)-NLEs in Noyori et al.'s enantioselective addition of dialkylzincs to benzaldehyde catalysed by (-)-DAIB. 
( • )  Reaction using 0.42 M (C2H5)2Zn, 0.42 M C6H5CHO and 34 mM (-)-DAIB in toluene at 0 °C; (▲) Reaction using 0.47 
M (CH3)2Zn, 0.49 M C6H5CHO and 47 mM (-)-DAIB in toluene-d8 at 32 °C (Original graph taken from J. Am. Chem. Soc., 
1989, 111,4028).
The NLE study served to demonstrate that high enantioselectivies in the synthesis of 
alcohols (S)-2.6a,b could be obtained using (-)-DAIB of low enantiomeric purity. For 
example, the use of (-)-DAIB in 15% ee in the reaction of benzaldehyde with diethylzinc 
produced alcohol (S)-2.6b in 95% ee, a result close to the 98% ee obtained when 
enantiomerically pure (-)-DAIB was used for the reaction. Extensive work was carried out
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in order to uncover the structure of the active catalytic species and the origin of the 
remarkable asymmetric amplification occurring in these reactions.12,19-24 Noyori et al. 
eventually concluded that a monomeric alkylzinc aminoalkoxide was the active catalytic 
species in these reactions, which was in equilibrium with a dimeric species.23 A simplified 
argument about the origin of the (+)-NLE is based on the formation of homochiral dimeric 
species (S,S)-2.7a and (R,R)-2Ja and heterochiral dimeric species (S,R)-2.7b in equilibrium 
with the active monomeric species (S)-2.8 and (R)-2.8 when using nonenantiopure ligands
r  p  IQ
(see Scheme 2.4). ’ ’ ’ The higher stability of the heterochiral dimeric species was 
verified by X-ray diffraction analysis of both homo- and heterochiral dimeric species19 and 
demonstrated subsequently by ab initio molecular orbital studies.20 This fact indicated that 
the heterochiral species predominated in solution and did not easily dissociate into the 
monomeric forms as occurred for the homochiral dimeric species (demonstrated by ]H 
NMR studies), which were in equilibrium with the catalytically active monomeric forms.19 
Consequently, some racemic material was ‘stored’ in the form of a less reactive heterochiral 
dimeric species, resulting in the enantiopurity of the catalytically active monomeric species 












R = Me, Et
(S)-2.8 (R)-2.8
R' V
R = Me, Et
(R)-2.6
(S,R)-2.7b
Scheme 2.4 Simplified mechanism of the catalytic cycle operating in Noyori et al.'s asymmetric catalytic addition of 
dialkylzincs to benzaldehyde.
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The predominant formation of the heterochiral dimeric species and its higher 
stability also explain the dependence of the rate of the reaction on the enantiopurity of (-)- 
DAIB, since alkylation with enantiopure (-)-DAIB occurs at a faster rate than the 
corresponding reaction with racemic DAIB. In addition to this, the magnitude of the (+)- 
NLE was observed to be dependent on the concentration of (-)-DAIB employed, with 
greater (+)-NLEs being obtained in the presence of higher concentrations of (-)-DAIB for 
given concentrations of dialkylzincs and benzaldehyde.
Drawing a curve according to the ML2 model fitting the experimental data gives 
values of K = 5000 and g = 0.01 (k/tf/k^ « 1/100), which are in accordance with the 
experimental observation of the predominance of the heterochiral species and its greater 
stability with respect to the homochiral ones. A curve drawn according to the reservoir 
effect model fits the experimental data for values of eeKS = 0% and a  = 0.88, the latter value 
indicating that a high percentage of the initial amount of chiral ligand takes part in the 
formation of inactive catalytic species.5
Using all the facts presented, it can be concluded that the observation of NLEs in 
asymmetric catalysis has two important practical consequences, as Kagan first 
summarised.7,8 Firstly, the observation of a high asymmetric amplification makes it possible 
to use partially resolved chiral ligands, which is potentially very advantageous when they 
are difficult to prepare in enantiomerically pure form. However, the use of partially resolved 
chiral ligands in reactions showing big (+)-NLEs has a potential drawback as pointed out by 
Blackmond,25 who demonstrated that a decrease in eeawi in these reactions could result in a 
significant decrease in the rate of the reaction due to only a small amount of active catalytic 
species being present. Alternatively, the opposite effect, a rate acceleration, may be 
observed in reactions exhibiting (-)-NLEs and therefore, even if a product with a smaller 
enantiomeric excess than expected is obtained, more of the desired product is formed in the 
same period of time. Consequently, each reaction needs to be examined independently in 
order to decide the best strategy for the optimal efficiency of the reaction.
Secondly, the existence of NLEs or otherwise, provides an important mechanistic 
tool to probe whether catalytic species with several chiral ligands are involved in the 
catalytic cycle of a reaction. However, it is important to note that the absence of a NLE does 
not mean that the catalytic species contains a single chiral ligand, since if for example in the 
ML2 model the heterochiral catalytic species and the homochiral ones show the same 
reactivity (g = 1 in Equation 2.2), then a linear relationship will still be observed.
To conclude, it is interesting to note that the power of (+)-NLEs for asymmetric 
catalysis has been fully demonstrated in autocatalytic reactions in which the chiral product
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of a reaction catalyses its own formation, which has led to the induction of 
enantioselectivies of up to >99.5% ee using chiral auxiliaries of enantiopurities as low as 
ca. 0.00005%.26
2 .3  P re ce d en ts  th a t  Led to  th e  R esearch
2.3.1 Yamamoto and Co-workers9 Work
Apart from the examples described in the introduction, Yamamoto’s research group 
has developed other types of chiral BINOL-boron species as chiral Lewis acids for 
asymmetric catalysis.27'36 In their first reports on the use of these complexes they described 
the formation in situ of a catalyst (j?)-2.11a, prepared by mixing 1 equivalent of B(OPh)3 
2.9 with 1 equivalent of (7?)-BINOL (7?)-2.10 in dry CH2CI2 at room temperature for 1 h. 
This species was used as a catalyst in what the authors described as asymmetric aza-Diels- 




2 .9  (R )-2.10 (R )-2 .11a, (1 equiv. (R )-2.10)
(R )-2 .11b , (2 equiv. (R )-2.10)
A
J
2 .1 2 a -e  2 .1 3  (R )-2 .14a-e
74  - 90%  e e
R = (a) Ph, (b) 3-pyridyl, (c) eye, (d) 3 ,5 -(M e0 )2C6H4 (e) 2-naphthyl 
Scheme 2.5 Yamamoto etal.'s asymmetric aza-Diels Alder reactions mediated by chiral BINOL-boron Lewis acids.
At that time, due to the 1:1 stoichiometry of (^)-BINOL to B(OPh)3 used in the 
formation of BINOL-boron complex (i?)-2.11a, it was proposed that a mixed borate (i^)-2.1 
containing one BINOL ligand was the most likely active catalytic species in these reactions 
(Figure 2.4). However, the authors pointed out that the intermediacy of other complexes 
was not excluded.27 BINOL-boron complexes (/?)-2.11a and (£)-2.11a were employed 
subsequently by Yamamoto and others as chiral Lewis acids for diastereoselective aza-
* An alternative step w ise  tandem  M annich-type reaction-conjugate addition m echanism  can take p lace in th e se  reactions ( s e e  p a g e  54).
Ph
J <x.OTMS




Ar, -78  °C, 5 h
B(O Ph)3
- 4 8 -
Chapter 2 Results and Discussion
Diels-Alder28 29 37 38 and aldimine-aldol reactions* for the asymmetric synthesis of p-amino 
esters,30"33 with complex (/?)-2.1 or (S)-2.1 being presented as the catalytically active 
species operating in these reactions.
(*)-2.1
F ig u r e  2 .4  Y a m a m o to  a n d  c o -w o r k e r s ’ p r o p o s e d  stru ctu re  for b oron  c o m p le x  ( R ) - 2 .1 1 a .
Subsequently, the same group introduced a new catalytic species (i?)-2.11b for this 
type of tfztf-Diels-Alder reaction (see Scheme 2.5 above). This catalyst was prepared in a 
similar way as (7?)-2.11a, using 2 equivalents of (R)-BINOL (i?)-2.10 instead of 1 
equivalent, or alternatively by refluxing 2 equivalents of (i?)-2.10 with 1 equivalent of 
B(OMe) 3  in CH2 CI2 in the presence of 4 A molecular sieves to remove MeOH generated in 
the reaction.3̂  A crystalline compound was obtained after adding the chiral imine (S)- 
benzylidene-a-methylbenzylamine to a solution of boron reagent (S)-2.11b (prepared from 
B(OPh)3 and 2 equivalents of (S)-BINOL) followed by crystallisation from a CH2 CI2 -«- 
hexane bilayer. Crystals were analysed via X-ray diffraction, with the unit cell showing that 
the species formed was a BINOL-borate anionic species (S,S)-2.2 containing two (S)- 
BINOL ligands, together with one molecule of the chiral imine, one molecule of PhOH and 





graph ical rep resen ta tio n
F ig u r e  2 .5  O R T E P  v ie w  o f  th e  s p e c i e s  is o la te d  a fter  a d d ition  o f  a  chiral im in e  to  a  so lu tio n  o f  ( S ) - 2 .1 1 b  (C H 2CI2 is  n ot  
s h o w n )  (O rig in a l d ia g ra m  ta k e n  from  J. A m . C h e m . S o c .,  1 9 9 4 ,1 1 6 ,  1 0 5 2 0 ) .
* T h e se  reac tio n s  hav e  b e e n  describ ed  a s  aldim ine-aldol reac tio n s  in s tead  of a s  M annich-type reac tio n s  (term u sed  for sim ilar reac tions  
in this th e sis) in o rd er to be  co n s is te n t with th e  term inology u se d  by th e  au thors.
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Interestingly, boron complex (i?)-2.11b (2 equivalents of (R)-BINOL) induced a 
similar enantioselectivity to boron complex (J?)-2.11a (1 equivalent of (7?)-BINOL) for the 
formation of dihydropyridone (R)-2.14a, affording it in 86% ee35 and 82% ee21,2% 
respectively, and in similar 78% and 75% yields. These similarities were presented with no 
further comment despite the fact that the intermediacy of (7?)-2.1 appeared to have been 
inferred simply from consideration of the 1:1 stoichiometry of BINOL:B(OPh)3 used for the 
preparation of the boron complex.5 Furthermore, the borate anionic species (R,R)~2.2 could 
not possibly be acting as a Lewis acid since it no longer contains a vacant p orbital, but 
instead must be acting as some form of pre-catalyst reservoir. (R,R)-2.2 and (S,S)-2.2 were 
also employed by the same group as Bronsted acid-assisted chiral Lewis acids (BLAs) in 
enantio- and diastereoselective aldimine-aldol** reactions for the asymmetric synthesis of p- 
amino esters,35,36 and subsequently by Nakagawa’s group for enantioselective Pictet- 
Splenger reactions of nitrones.39,40
In view of these results, it appeared likely that the same type of BINOL-boron 
complex was responsible for asymmetric induction in these reactions, regardless of the 
stoichiometry of (i?)-BINOL used to prepare the complex. As a consequence, it was decided 
to ascertain whether this was in fact the case.
2,3.2 Preliminary Attempts to Form BINOL-Boron sp2 Species
At different times, four different members of the Bull and James groups have 
unsuccessfully attempted to form cyclic boron sp2 species such as (i?)-2.1 containing one 
BINOL ligand, by mixing equimolar amounts of enantiopure or racemic BINOL with 
B(OPh)3 or PhB(OH)2 under different reaction conditions. Similarly, I found that ]H and 
nB NMR analyses of a solution of chiral boron reagent (7?)-2.11a (1 equivalent of (R)- 
BINOL and 1 equivalent of B(OPh)3) or of equimolar amounts of (i?)-BINOL and 
B(OMe)3, did not show any new resonances corresponding to new BINOL-boron 
complexes (Scheme 2.6). Importantly, Chong et al.Al reported that they were also unable to 
synthesise a structurally similar mixed borate species, as already commented in the 
introduction section of this thesis (see pages 15 and 16).
§ The re feren ces provided by Y am am oto to support the m ediation of (R )-2.1 presen t actually different typ es o f structures ( s e e  structures 
(S)-1.1 and (S ,S ,S )-1 .3  on  p a g e s  12 and 13 respectively).
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B (O Ph)3
1 equiv. 1 equiv.
B(O M e)3
(R)-2.10
1 equiv. 1 equiv.
S c h e m e  2 .6  U n s u c c e s s f u l  a tte m p ts  to  form  B IN O L -boron  s p 2 s p e c i e s .
The difficulty in forming BINOL-boron sp2 species contrasts with the result 
obtained when mixing equimolar amounts of enantiopure or racemic BINOL, 2- 
formylphenylboronic acid and primary amines in CDCl3 at room temperature (see chapter 
4), the 'H NMR spectra of which revealed the formation of stable imines after 30 min 
(Scheme 2.7). X-ray analysis of this type of compound showed the existence of an internal 
N—>B coordinate bond demonstrating the boron sp3 character previously reported by Shan 




N2, rt, 30  min
1 equiv.
(S)-2.10 
1 equiv. 1 equiv.
S c h e m e  2 .7  C h a r a c te r ise d  B IN O L -boron  s p  s p e c i e s .
These results clearly highlighted the higher stability of boron sp3 species over sp2 
species when BINOL was used as a ligand, an observation that can be rationalised by 
considering the ring strain introduced when trying to incorporate BINOL into a seven- 
membered ring that contains a trigonal boron requiring coplanar substituents. This 
arrangement may be unfavourable because a planar sp2 boron species would require the
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hydroxyl groups of BINOL to be coplanar, which may be disfavoured by interaction 
between the H(8) and H(8’) peri-hydrogens (see page 9) of the BINOL naphthyl moieties. 
This planarity is not required when the boron is sp3 hybridised or has partial sp3 character, 
and therefore, may explain why BINOL-boron sp3 species are more stable than their sp2 
counterparts.
It should be noted that the proposed instability of seven-membered BINOL-boron 
sp2 species is consistent with the observation by Norman et al.A3 of the preference for 
formation of eight-membered BINOL-boron species over seven-membered species when 
both complexes may be potentially formed (Scheme 2.8), as commented on in the 
introduction (see page 31).
B2(NM e2)4
1 equiv.
(+ en an tio m er
(rac)-2 .10  
2 equiv.
(+ enan tiom er)
S c h e m e  2 .8  N o rm a n  a n d  c o -w o r k e r s ’ s y n t h e s is  o f  a  d ib o r a n e  c o n ta in in g  B IN O L lig a n d s  in w h ich  th e  d io ls  a re  a tta c h e d  
to  d ifferen t b oron  a to m s  form in g  e ig h t-m e m b e r e d  r in gs  in s te a d  o f  s e v e n -m e m b e r e d  o n e s .
2 .4  Envisaged P rogram m e of W ork
Due to the reported evidence of the instability of BINOL-boron sp2 species and the 
unsuccessful attempts to synthesise this type of species, it was decided to investigate 
whether boron complex CR)-2.1 proposed by Yamamoto and co-workers in his initial 
publications was really the active catalytic species in these aztf-Diels-Alder reactions. As 
already discussed, the use of nonlinear effects in asymmetric catalysis is a well-known 
mechanistic tool that has been employed widely to prove that an enantioselective catalytic 
species contains two or more chiral ligands. Thus, it was decided to investigate whether 
nonlinear effects were operating when boron reagent (i?)-2.11a (l equivalent of (^)-BINOL 
and 1 equivalent of B(OPh)3) was used as a catalyst for asymmetric aza-Diels-Alder 
reactions, in an attempt to disprove the intermediacy of species (i?)-2.1 containing a single 
BINOL ligand. Nonlinear effect studies using boron reagent (/?)-2.11 b (2 equivalents of
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(i?)-BINOL and 1 equivalent of B(OPh)3) as a catalyst would then be carried out in order to 
compare the behaviour of the catalytic species produced when (i?)-2.11a and (i?)-2.11b are 
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(R )-2.11a, (1 equiv. (R )-2.10) 










Scheme 2.9 Overview of the aza-Diels Alder reaction to be investigated and the different structures [(R)-2.1 and (R,R)- 
2.2] proposed by Yamamoto and co-workers for the chiral boron reagents (R)-2.11a and (fi)-2.11b.
2 .5  R esults and Discussion
2.5.1 Mechanism o f  the Reaction
Two mechanisms have been proposed for Lewis acid catalysed formal aza-DxeXs- 
Alder reactions: the traditional Diels-Alder concerted [4+2] cycloaddition, and a stepwise 
tandem Mannich-type reaction-conjugate addition mechanism (Scheme 2.10 and Scheme 
2.11).44'47 Which of the two mechanisms is in operation is often dependent on the Lewis 
acid employed, the structure of the reactants, and the solvent employed for the reaction. 
However, both mechanisms require Lewis acid catalysis to proceed, and as a consequence, 




' O ' 1'"  ^ / O T M S  „  nl , ... . .  P h . / v .  * 0 —TMS P h . . 0|[ t cycloaddition
Lewis acid P h v ^ N ^ ( ^
Ph OM e OM e
2 .1 2 a  2 .13  2 .1 4 a
Scheme 2.10 Traditional Diels-Alder concerted [4+2] cycloaddition mechanism for the formation of dihydropyridone 
2.14a.
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Hk P̂h Cn" < ^ V 0 T M S  Ph
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P tl^ N N ^
2 .1 4 a
Scheme 2.11 Stepwise tandem Mannich-type reaction-conjugate addition mechanism for the formation of 
dihydropyridone 2.14a.
2.5.2 Optimisation o f  Conditions fo r  Asymmetric Aza-Diels-Alder Reactions
- Preliminary Studies
The reaction between iV-benzylidenebenzylamine 2 .1 2 a  and Danishefsky’s diene
2 .13  catalysed by a boron reagent (rac)-2 .11c  for formation of dihydropyridone (rac)-2 .14a  
was first carried out in order to find optimised HPLC conditions for subsequent studies 
(Scheme 2.12). Imine 2 .1 2 a  is commercially available, although it was easily prepared by 
reaction of benzylamine 2 .15  (1 equiv.) with benzaldehyde 2 .4  (1 equiv.) using MgSC>4 or 
4 A molecular sieves as a dehydrating agent (Scheme 2.13). The reaction mixture was 
stirred for 3-5 h at room temperature under nitrogen, after which it was filtered and the 
solvent removed in vacuo to afford the pure imine in quantitative yield. The !H NMR 
spectrum of this product was in accordance with the spectrum of the commercial imine, and 
with the spectrum of the same imine previously reported by Yamamoto and co-workers.28,35
The flza-Diels-Alder reaction for formation of dihydropyridone (rac)-2 .14a  was 
carried out following the literature procedure.27,28 Thus, 1 equivalent of (rac)-BINOL was 
dissolved in dry CH2CI2, after which 1 equivalent of B(0Me)3 in dry CH2CI2 was added via 
syringe, and the solution stirred under nitrogen for 1 h at room temperature. Subsequently, 
the mixture was cooled to 0 °C and a solution of 1 equivalent of Y-benzylidenebenzylamine 
2 .1 2 a  in dry CH2CI2 was then added via syringe, after which the solution turned yellow. 
The reaction was stirred for a further 10 min at 0 °C before cooling to -78 °C, followed by 
dropwise addition via syringe of a solution of 1.2 equivalents of Danishefsky’s diene 2 .13  
in dry CH2CI2. The reaction was stirred at -78 °C for a further 5 h. Then, the solution was 
allowed to warm to room temperature, and subsequently washed with water and NaHCC>3 
(aq). The organic layer was dried over MgSC>4, and the solvent removed in vacuo to afford a
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crude product, which was purified by chromatography over silica gel to give pure 
dihydropyridone (rac)-2 .1 4 a  as an orange/brown oil in 59% yield.
B(O M e)3
CH2CI2 










ph' r ph'  j
OM e J
Ph
2 .1 2 a  2 .13  (rac)-2 .14a













The ]H NMR spectrum (400 MHz, CDCI3) of dihydropyridone (rac)-2 .14a  was in 
accordance to data reported previously in the literature.28 Thus, two resonances at 5h 2.69 
and 2.84 ppm appeared as doublet of doublets with coupling constants Jgem 16.5 Hz and J  
7.6 Hz, corresponding to the diastereotopic protons Ha and Hb (Figure 2.6); the 
diastereotopic benzylic protons Hc and Hd appeared at 5h 4.12 and 4.34 ppm as two 
doublets with Jgem 15.1 Hz; He appeared as an apparent triplet at 6h 4.50 ppm with J  7.6 Hz; 
Hf showed a doublet at 8h 5.09 ppm with J  7.6 Hz due to coupling to the other alkenyl 
proton Hg, which appeared at -7.1 ppm overlapping with one of the aryl protons. The 13C 
NMR spectrum (75.5 MHz, CDCI3) of (ra c)-2 .1 4 a  showed the presence of three carbon 
peaks at 8c 44.1, 57.7 and 61.1 ppm, two new carbon peaks at 8c 99.1 and 154.6 ppm 
corresponding to the alkene functionality, and a peak at 8c 190.8 ppm in accordance with an 
a,p-unsaturated carbonyl group. The IR spectrum (film) of the dihydropyridone product
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showed a band at Kmax 1638 cm '1, in accordance with the presence of an a,P-unsaturated 
ketone (lit.,28vmax (neat) 1640 cm '1).
.OTMS
2 .12a  2 .13 (rac)-2.14a
F ig u r e  2 .6  C o m p a r is o n  o f  th e  stru ctu ra l f e a tu r e s  o f  th e  p rod u ct w ith  t h o s e  o f  th e  startin g  m a ter ia ls .
Optimised HPLC conditions for the evaluation of the enantiomeric excess of the 
dihydropyridone product (rac)-2.14a were then established, with optimum separation 
conditions being found using a solvent system of 95:5 «-hexane:/-PrOH, and a flow rate of 
1.0 ml/min. These conditions gave base line resolution with retention times for the 
respective enantiomers of (rac)-2.14a of 33 and 36 min (average retention times of up to 
four different runs) using a Daicel CHIRALPAK AD column. This result was verified using 
an alternative sample of (rac)-2.14a prepared previously by another member of the Bull 
group using a titanium Lewis acid catalyst not derived from BINOL (Figure 2.7), which 
gave identical retention times under the same HPLC conditions.
F ig u r e  2 .7  T itan iu m  L ew is  a c id  c a ta ly s t  e m p lo y e d  to  p r e p a re  an  a lte rn a tiv e  s a m p le  o f  ( r a c ) -2 .1 4 a .
B(OPh) 3  2.9, racemic BINOL (rac)-2.10, imine 2.12a and Danishefsky’s diene 2.13 
were also analysed by HPLC under the same conditions to check that no interference with 
the signals of (rac)-2.14a was occurring. HPLC analysis of B(OPh)3 showed a peak after 10 
min, whilst (rac)-BINOL showed two peaks at retention times of 57 and 61 min 
respectively for each of the enantiomers. HPLC analysis of Danishefsky’s diene showed 
several peaks of high intensity at retention times lower than 10 min indicating 
hydrolysis/decomposition on the chiral column, with a peak of low intensity appearing after 
23 min. HPLC analysis of imine 2.12a indicated that it also decomposed on the chiral 
column. Several peaks of medium-high intensity appeared at retention times lower than 20 
min, and two more peaks, one of low intensity after 37 min and another one of high
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intensity after 42 min were also observed. Given the high extinction coefficients of the 
chromophores of other compounds present in this reaction with respect to the low extinction 
coefficient of the chromophore of the dihydropyridone product, it was decided to purify 
each crude reaction product via chromatography prior to HPLC analysis.
Optimised conditions for HPLC analysis of the enantiomeric excess of BINOL were 
then established and found for a Daicel CHIRALCEL OJ column to be a solvent system of 
82:18 «-hexane:z-PrOH, and a flow rate of 1.0 ml/min, which gave base line resolution with 
retention times for the respective enantiomers of (rac)-BINOL of 13 and 18 min (average 
retention times of four different runs).
- Asymmetric Aza-Diels-Alder Reactions
The corresponding enantioselective aza-Diels-Alder reaction was then carried out in 
an identical fashion using enantiopure (i?)-BINOL (i?)-2.10 as a chiral auxiliary and 
B(OPh)3 2.9 for the formation of boron complex (7?)-2.11b (2 equivalents of (i?)-BINOL). 
This time, powdered 4 A molecular sieves were used as indicated in the literature protocol, 
which were activated by drying in an oven at 150 °C, or by heating with a heat gun in 
vacuo. Thus, a solution of imine 2.12a (1 equiv.) in dry CH2CI2 was added via syringe to a 
solution ofB(OPh)3 2.9 (1 equiv.) and (i?)-BINOL (i?)-2.10 (2 equiv.) in dry CH2CI2 in the 
presence of powdered 4 A molecular sieves at 0 °C. The reaction was stirred for 10 min at 
the same temperature before cooling to -78 °C and subsequent dropwise addition of a 
solution of Danishefsky’s diene 2.13 (1.2 equiv.) in dry CH2CI2. The reaction was stirred 
for 5 h at the same temperature, after which time it was allowed to warm to room 
temperature and the powdered 4 A molecular sieves filtered off,1̂  followed by the usual 
aqueous work-up. The dihydropyridone product 2.14a was obtained in 50% yield after 
chromatographic purification. Chiral HPLC analysis of the product using the established 
conditions revealed that it had been formed in 81% ee, which was slightly inferior to the 
value of 86% ee35 previously reported when using chiral boron complex (/?)-2.11b. In order 
to ensure that this asymmetric reaction was reproducible, the same reaction was repeated 
three further times affording the dihydropyridone product 2.14a with enantiomeric excesses 
between 77-82%.
The negative sign of the specific rotation of the dihydropyridone product formed 
was in accordance with that reported in the literature for the product obtained when using 
(i?)-BINOL to form the catalyst, indicating that the (i?)-enantiomer of dihydropyridone
n  This point w a s  not indicated in the experim ental procedure from the literature, but w a s found n ece ssa ry  to facilitate work-up of the  
reaction.
- 5 7 -
Chapter 2 Results and Discussion
2.14a had been formed, as proven by Yamamoto et a l 21,2% who converted it to the known 
2i?-phenylpiperidine 48 For a sample of dihydropyridone (R)-2.14a with 83% ee, a value of 
[a]o -8.4 (<c 0.95, CHCI3) was observed (reported value for a product with 82% ee28, [a£ 4 
-4.7 (c 1.0, CHCI3)). In this regard, it should be indicated that the low value of the specific 
rotation of this compound makes the experimental error in the determination of its 
enantiomeric excess by this method potentially very significant.
The use of enantiopure (7?)-BINOL to form chiral boron reagent (i?)-2.11a (1 
equivalent of (i?)-BINOL) gave dihydropyridone (R)-2.14a in a lower 77% ee, which was 
again less than the 82% ee reported by Yamamoto and co-workers27,28 under the same 
conditions. However, this result was in accordance with Yamamoto et aVs observation that 
chiral boron reagent (i?)-2.11b induced slightly higher enantioselectivities than (i?)-2.11a.35
- Final Remarks
Whilst performing this study in order to find optimised conditions for the reaction, it 
became clear that in spite of the apparent ease of the procedure, this asymmetric azar-Diels- 
Alder reaction was highly sensitive to the reaction conditions, with small changes in the 
amounts of reagents, solvent, order of reagent addition or the ‘time schedule’ of the reaction 
affecting the yield and/or enantioselectivity of the reaction. It was also very important that 
the product was purified correctly via chromatography before analysis of enantiopurity via 
chiral HPLC. In this regard, it should be noted that care was always taken to ensure that all 
the fractions that showed a spot on TLC corresponding to dihydropyridone (/?)-2.14a were 
combined in order to have an accurate result in the analysis of its enantiomeric excess. This 
was deemed necessary given the potential for enantiomeric fractionation when scalemic 
samples of a compound are chromatographed using an achiral stationary phase.13,49
Clearly, the dependence of the enantiopurity of the product on the reaction 
conditions is a consequence of the supramolecular nature of the reaction, in which a self­
assembled catalyst is responsible for the enantioselection and therefore, any interference 
with this assembly process will influence the asymmetric induction observed. 
Consequently, all of the reactions described below were carried out under extremely careful 
and consistent conditions, both in terms of the way the reaction was carried out and the 
product subsequently purified.
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2.5.3 Nonlinear Effect Studies
- Using (R)-2.11a Formed with 1 Equivalent of Scalemic (R)-BINOL and 1 Equivalent of 
B(OPh)3
The reaction between A-benzylidenebenzylamine 2.12a and Danishefsky’s diene
2.13 catalysed by boron reagent (i?)-2.11a for the formation of dihydropyridone (7?)-2.14a 
was then investigated for the presence of nonlinear effects using the optimised conditions 
described. The reactions were carried out on the same scale as in the literature 
procedure.27,28 The different samples of scalemic (i?)-BINOL were prepared by mixing (R)- 
BINOL and (rac)-BINOL, calculating the amounts needed to afford 100 mg of scalemic 
BINOL (0.35 mmol) of the required enantiopurity. Thus, for example, 20 mg of (i?)-BINOL 
were added to 80 mg of (rac)-BINOL to afford a sample of (/?)-BINOL of 20% ee, whose 
enantiopurity was verified by chiral HPLC analysis.
The asymmetric aza-Diels-Alder reaction was then repeated under standard 
conditions using (i?)-BINOL of varying enantiopurity (ranging from 0 to 100% ee), and the 
enantiomeric excess of dihydropyridone (/?)-2.14a produced in each case determined by 
chiral HPLC analysis. A plot of the enantiomeric excess of dihydropyridone (R)-2.14a as a 
function of the enantiopurity of (i?)-BINOL showed a small but reproducible (+)-NLE 
(Table 2.1 and Figure 2.8, curve drawn for results represented as A), indicating that the 
active catalytic species responsible for asymmetric induction in this reaction contained more 
than one (i?)-BINOL ligand. It should be noted that the observation of the susceptibility of 
the reaction with respect to the reaction conditions resulted in each reaction being carried 
out twice for each different enantiopurity of (i?)-BINOL in order to ensure consistent 
results.
- Using (R)-2.11b Formed with 2 Equivalents of Scalemic (R)-BINOL and 1 Equivalent 
ofB(OPh)3 or B(OMe)3
After these promising results, subsequent reactions were carried out under identical 
conditions using chiral boron reagent (i?)-2.11b in order to compare its performance with 
that of (i?)-2.11a. The samples of scalemic (/?)-BINOL were prepared as described above, 
this time calculating the amounts of (i?)-BINOL and (rac)-BINOL required to prepare 200 
mg (0.70 mmol) of a sample of (/?)-BINOL of the desired enantiopurity.
The use of BINOL of different enantiomeric purities (ranging from 0 to 100% ee) 
for the preparation of boron reagent (J?)-2.11b by reaction with 1 equivalent of B(OPh)3 
resulted in an increased (+)-NLE relative to that observed for (/?)-2.11a (Table 2.2 and 
Figure 2.8, curve drawn for results represented as •), which is likely to be due to a higher
- 5 9 -
Chapter 2 Results and Discussion
concentration of the enantioselective catalytic species being present due to the availability 
of a greater concentration of chiral ligand. Thus, this result provided further evidence of the 
intermediacy of a catalyst containing more than one chiral BINOL ligand in this aza-Diels- 
Alder reaction.
T a b le  2 .1  ( A ) T a b le  2 .2  ( • ) T a b le  2 .3  (■)
“The %ee was determined by chiral HPLC aThe %ee was determined by chiral HPLC
Equiv. o f  
(R )-2.10
e e  o f (/?)- 
2 .10  (%)a
e e  o f (/?)- 
2 .14a  (%)a
Equiv. o f  
(/?)-2.10
e e  o f (R)- 
2.10  (%)a
e e  o f (R)- 
2 .14a  (%)a
Equiv. o f  
(R )-2 .i0
e e  o f (/?)- 
2 .10  (%)a
e e  o f  (/?)- 
2.14a  (%)a
l 0 0 2 0 0 2 0 0
l 20 23 2 20 34 2 20 28
1 40 34 2 40 42 2 47 43
1 60 51 2 60 62 2 55 58
1 80 66 2 80 76 2 76 73
1 100 77 2 100 81 2 100 77
aThe %ee was determined by chiral HPLC.
100
60
% ee  of 
(R)-2.14a
40
















(R)-2.11a. (1 equiv. <R>-2.10) 





N2. -78 °C, 5 h J
(R)-2.14a
% ee  of (R)-BINOL [(R)-2.10]
F ig u r e  2 .8  G raph  r e p r e se n t in g  n o n lin ea r  e f f e c t s  for c o n v e r s io n  o f  2 .1 2 a  + 2 .1 3  into (/? )-2 .1 4 a  u s in g  ch iral b oron  
r e a g e n ts  (R ) -2 .1 1 a  a n d  (F ?)-2 .11b , ( R ) - 2 .1 1 a  p rep a re d  u s in g  1 e q u iv a le n t  o f  ( f t ) -B IN O L  ( A )  a n d  (f? ) -2 .1 1 b  p rep a re d  (a )  
u sin g  2  e q u iv a le n ts  o f  ( R )-B IN O L  a n d  1 e q u iv a le n t  o f  B (O P h )3 ( • ) ,  (b) u s in g  2  e q u iv a le n ts  o f  (R )-B IN O L  a n d  1 
e q u iv a le n t  o f  B (O M e )3 a t reflux (■).
Furthermore, it should be noted that similar nonlinear effects (see Table 2.3 and 
Figure 2.8, curve drawn for results represented as ■) were observed when boron reagent 
(/?)-2.11b was prepared in a different manner by reaction of 2 equivalents of scalemic (R)- 
BINOL with 1 equivalent of B(OMe) 3  in CH2 CI2 at reflux using 4 A molecular sieves 
(pellets) in a Soxhlet thimble to remove MeOH (method B in reference 35).
Although an exhaustive analysis of the experimental data for this catalytic system 
was not carried out, a simple approximation was made according to the reservoir effect 
model (see page 43) using Equation 2.5, whilst assuming that eeTes = 0% (Figure 2.9).
- 6 0 -
Chapter 2 Results and Discussion
e e au, - a e e res
E q u a t io n  2 .5  E q u a tio n  u s e d  to  c a lc u la te  th e  e f fe c t iv e  e n a n t io m e r ic  e x c e s s  o f  th e  ch iral ligan d  in v o lv e d  in th e  ca ta ly t ic  
c y c le  in th e  r e se r v o ir  e f fe c t  m o d e l.
100
a  = 0 .5 a  =0.2
o 10020 40 60 80
% ee  of (R)-BINOL [(R)-2.10]
F ig u r e  2 .9  C o m p u ter -d r a w n  from  E q u a tio n  2 .5  w ith e e res = 0%  a n d  a  =  0 .5  a n d  a  =  0 .2 ,  a n d  c u r v e s  d raw n  w ith th e  
e x p e r im e n ta l d a ta  for th e  NLE s t u d ie s  u s in g  b oron  r e a g e n ts  (R ) -2 .1 1 a  ( A )  a n d  (/? )-2 .1 1 b  ( • )  (p r ep a red  from  B (O P h )3).
Thus, an approximate fit of the experimental curve of the NLE obtained using boron 
reagent (i?)-2.11b (prepared from B(OPh)3 ) could be achieved with values of a  operating 
between 0.2 and 0.5, indicating that between 20 and 50% of the initial amount of BINOL 
ligand is stored in the form of inactive catalytic species.
Thus, in summary, these NLE studies demonstrated that:
■ (+)-NLEs were observed in the aza-Diels-Alder reaction under study using both 
(/?)-2.11a and (i?)-2.11b boron reagents, suggesting the intermediacy of a 
catalyst containing more than one (i?)-BINOL ligand in both cases. This result 
also implied that when (^)-2.11a (1 equivalent of (^)-BINOL) was used in the 
reaction, both ligand accelerated catalysis and dynamic ligand exchange 
occurred.
■ A greater (+)-NLE was observed when boron reagent (i?)-2.11b was used, 
probably due to a higher concentration of the active catalytic species.
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2.5.4 Mechanistic Consequences: Ligand Accelerated Catalysis and Dynamic 
Ligand Exchange
- Ligand Accelerated Catalysis
The observation of (+)-NLEs indicated that the active catalytic species involved in 
these reactions contained more than one (R)-BINOL ligand. Consequently, this implied that 
the chiral catalyst formed when (/?)-2.11a was prepared from equimolar amounts of (R)- 
BINOL and B(OPh)3 would occur in the presence of significant amounts of residual achiral 
B(OPh)3. Therefore, in order to explain the high enantioselectivities obtained in these 
reactions, the reaction catalysed by (i?)-2.11a must afford (7?)-2.14a at a faster rate than the 
B(OPh)3 catalysed formation of (rac)-2.14a, in an example of ligand accelerated catalysis.50 
This concept is defined as the acceleration of an existing catalysed process (in this case the 
B(OPh)3 catalysed formation of (rac)-2.14a) by the addition of a specific ligand ((/?)- 
BINOL in this example).
Several attempts were carried out in order to determine the amplitude of this ligand 
accelerated catalysis. The idea was to compare the amount of dihydropyridone 2.14a 
formed after a specific period of time when using either B(OPh)3, (/?)-2.11a or (/?)-2.11b to 
catalyse the aztf-Diels-Alder reaction. The first attempt consisted of carrying out three 
simultaneous reactions for the formation of dihydropyridone 2.14a: the first reaction, 
catalysed by B(OPh)3 (no (i?)-BINOL added to the reaction); the second reaction, catalysed 
by (i?)-2.11a formed using 1 equivalent of (i?)-BINOL and 1 equivalent of B(OPh)3; and the 
third reaction, catalysed by (/?)-2.11b formed using 2 equivalents of (i?)-BINOL and 1 
equivalent of B(OPh)3. After 2.5 h, the powdered 4 A molecular sieves were filtered off, 
and water added to the reactions followed by the usual work-up. ]H NMR spectra of the 
three reaction crudes revealed that imine 2.12a and Danishefsky’s diene 2.13 had been 
hydrolysed and consequently, resonances corresponding to the starting materials could not 
be compared with those of the dihydropyridone product to calculate the conversion of the 
reaction. Thus, it was decided to use a known concentration of 2,5-dimethylfuran as an 
internal standard in order to calculate the extent of product formation.51
Three reactions for the formation of dihydropyridone 2.14a were set up 
simultaneously, one for each catalyst B(OPh)3, (7?)-2.11a and (/?)-2.11b. The reactions were 
carried out as usual, and quenched after 2.5 h. Thus, three crude reaction products were 
obtained in this manner, one for each of the different catalysts used, whose !H NMR spectra 
were then determined in the presence of 25 mol% of 2,5-dimethylfuran with respect to the 
number of moles of dihydropyridone 2.14a corresponding to a 100% theoretical yield. The 
conversion for each reaction was calculated by comparing the integration of the resonances
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at §h 2.69 and 2.84 ppm corresponding to two protons of dihydropyridone 2.14a, with the 
integral of the 6H singlet at 8h 2.17 ppm corresponding to the six methyl protons of 2,5- 
dimethylfuran, as well as the integration of its 2H singlet at 8h 5.76 ppm corresponding to 
its two aryl protons. It should be noted that on one occasion the broad singlet corresponding 
to the OH groups of (7?)-BINOL interfered with the 2H singlet at 8h 5.76 ppm of 2,5- 
dimethylfuran, and in this case the integration of this signal was not used to calculate the 
overall conversion of the reaction.
*H NMR analysis showed that the reaction catalysed by (i?)-2.11a had occurred 1.6 
times faster than the reaction catalysed by B(OPh)3. The reaction catalysed (i?)-2.11b 
showed a similar result, with a conversion that was 1.4 times higher than the one obtained 
using B(OPh)3. This experiment therefore indicated that the reactions catalysed by (R)- 
2.11a and (7?)-2.11b were faster than the reaction catalysed by B(OPh)3. This result was in 
marked contrast to reports by Waldmann and Lock,37,38 who described that (R)-2.11a and 
(S)-2.11a catalysed their tandem Mannich-conjugate addition reactions at slower rate than 
B(OPh)3.
Thus, in conclusion, this study demonstrated that the reactions catalysed by (R)- 
2.11a and (7?)-2.11b showed similar ligand acceleration effects.
- Dynamic Ligand Exchange
Encouraged by the previous results, it was next decided to probe how effectively 
dynamic ligand exchange was occurring in these reactions. To this end, the asymmetric aza- 
Diels-Alder reaction between imine 2.12a and Danishefsky’s diene 2.13 was carried out 
using 1 equivalent of a chiral boron reagent prepared from 1 equivalent of B(OPh)3 and 0.1 
equivalents (10% mol) of (Z?)-BINOL, under otherwise identical conditions. This reaction 
afforded dihydropyridone (^)-2.14a in 15% ee, a value that was significantly higher than 
the 7.7% ee expected if proportionality between the amount of chiral ligand used and the 
enantiomeric excess of the product was occurring [77% ee was obtained using 1 equivalent 
of (^)-BINOL (page 58)]. This chiral amplification implied that ligand exchange of (R)- 
BINOL was occurring to form the active enantioselective catalytic species containing more 
than (i?)-BINOL ligand.
A series of new experiments were then carried out to corroborate that dynamic 
ligand exchange was occurring in these reactions. This was achieved by carrying out two 
asymmetric aza-Diels-Alder reactions using a boron reagent (R)-2.11a derived from 1 
equivalent of (R)-BINOL of 50% ee and 1 equivalent of B(OPh)3, that was prepared by a 
different approach in each case. In the first instance, a solution of 0.5 equivalents of (rac)-
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BINOL and 0.5 equivalents of B(OPh)3 in dry CH2CI2 was stirred for 1 h at room 
temperature before being added to a pre-stirred solution of 0.5 equivalents of (7?)-BINOL 
and 0.5 equivalents of B(OPh)3 in dry CH2CI2 in the presence of powdered 4 A molecular 
sieves. After mixing the two solutions, the asymmetric flza-Diels-Alder reaction was carried 
out following the established protocol to afford dihydropyridone (R)-2.14a in 55% yield and 
39% ee. The same reaction was then repeated using a boron reagent (i?)-2.11a derived from 
(7?)-BINOL of 50% ee that had been prepared in a different manner, by addition of a pre­
stirred solution of 0.25 equivalents of (*S)-BINOL and 0.3 equivalents of B(OPh)3 in dry 
CH2CI2 to a solution of 0.75 equivalents of (R)~BINOL and 0.7 equivalents of B(OPh)3 in 
dry CH2CI2 in the presence of powdered 4 A molecular sieves. This experiment afforded 
dihydropyridone (R)-2.14a in 51% yield and in a similar 41% ee. The fact that similar 
results were obtained using a scalemic boron reagent (i?)-2.11a with 50% ee that had been 
formed in two different ways, by mixing (R)-BINOL with (rac)-BINOL or (^-BINOL of 
different initial concentrations, indicated that dynamic ligand exchange occurred rapidly as 
part of the catalytic cycle, and that the BINOL ligands of the heterochiral and homochiral 
species were rapidly interconverting under these conditions. This result also showed that the 
NLEs observed in this study are not dependent on the manner in which the catalyst is 
prepared, unlike other examples reported for different systems in the literature.52'56
Finally, a different experiment was carried out** that would also demonstrate the 
dynamic nature of these reactions. The formation of dihydropyridone (7?)-2.14a was carried 
out in a five-component fashion where benzaldehyde and benzylamine were added to a 
solution of boron reagent (i?)-2.11b to form imine 2.12a in situ before addition of 
Danishefsky’s diene 2.13 in the normal manner. This reaction gave dihydropyridone (R)- 
2.14a in a comparable yield (64%) and enantiomeric excess (73%) to those obtained 
previously when the reaction with the pre-formed imine 2.12a was carried out (Scheme
2.14). As described (page 27), Periasamy et al. isolated compound (R,R.y(R)-2.16a (Scheme
2.14) when (i?)-a-methylbenzylamine, H3BO3 and (rac)-BINOL were mixed together, and 
stated that BINOL and H3BO3 readily form this type of complex in the presence of amines 
such as (i?)-a-methylbenzylamine.57,58,59 Therefore, since competing formation of complex 
(R,R)-2.16b (Scheme 2.14) was likely to occur under these five-component reaction 
conditions, it is remarkable that dihydropyridone (R)-2.14a was obtained in a comparable 
yield and enantiomeric excess to those observed when the pre-formed imine 2.12a was used 
as a substrate. This indicated that a rapid dynamic process operates in the reaction, in which
A similar reaction w a s  first carried out by Michael Thatcher, a m em ber o f the Bull and J a m es  research  groups, in related work.
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any borate salt (/?^)-2.16b formed was in equilibrium with its parent starting materials, 
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Scheme 2.14 Five-component formation of dihydropyridone (R)-2.14a. Comparison to (R,R) (R)-2.16a to illustrate the 
type of BINOL-boron species (R,R)-2.16b that was probably formed during the reaction.
Thus, three sets of experiments have corroborated the dynamic nature of this 
reaction:
■ Firstly, the use of sub-stoichiometric amounts of (i?)-BINOL to form a chiral 
boron catalyst afforded dihydropyridone (K)-2.14a with a higher enantiomeric 
excess than that expected from a direct proportionality between the amount of 
chiral ligand used and the enantiomeric excess of the product. This implied that 
(7?)-BINOL was always available to form an active catalytic species containing 
at least two (i?)-BINOL ligands.
■ The observation of the formation of dihydropyridone (.K)-2.14a in similar yields 
and with similar enantiomeric excesses, regardless of how scalemic boron 
reagent (i?)-2 .1 1a was prepared, indicated that a dynamic equilibrium between 
all the species in the reaction was occurring to afford the active enantioselective 
catalytic species.
■ The fact that dihydropyridone (i?)-2.14a was obtained in a similar yield and 
enantiomeric excess when using the pre-formed imine 2 .1 2a and when 
benzylamine and benzaldehyde were added to form imine 2 .1 2 a in situ allowing 
for the potential formation of borate ammonium salts, indicated that a dynamic
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process operated in the reaction to allow the reversible formation of the active 
catalytic species.
2.5.5 Attempts to Optimise the General Efficiency o f the Reaction
Various experiments were then carried out in an attempt to improve the efficiency 
and enantioselectivity of this model asymmetric az^-Diels-Alder reaction.
- Exploring the Use of More than 2 Equivalents of (R)-BINOL
In a first attempt to improve the enantioselectivity of the reaction, it was thought 
that the use of more than 2 equivalents of (i?)-BINOL might improve the enantioselectivity 
of the reaction by facilitating the formation of higher concentrations of the enantioselective 
catalytic species containing more than one (7?)-BINOL ligand. Thus, a reaction was carried 
out using 5 equivalents of (7?)-BINOL and 1 equivalent of B(OPh)3 to form the chiral boron 
reagent, under otherwise identical conditions to the ones described above. This time, the use 
of enantiopure (i?)-BINOL produced dihydropyridone (7?)-2.14a in a marginally improved 
85% ee (compared to 81% ee obtained using 2 equivalents of (^)-BINOL).
- Slow Addition of B(OPh)s
In a different approach, it was thought that slow addition of a solution of B(OPh)3 to 
a solution of (/?)-BINOL, imine 2.12a and Danishefsky’s diene 2.13 at -78 °C over a long 
period of time would afford a more enantioselective reaction by minimising the competing 
background racemic reaction catalysed by B(OPh)3. As a challenging test of this hypothesis, 
the aza-Diels-Alder reaction was carried out by adding a solution of 1 equivalent of 
B(OPh)3 in dry CH2CI2 to a solution of 0.1 equivalents of (^)-BINOL, 1 equivalent of imine 
2.12a and 1.2 equivalents of Danishefsky’s diene 2.13 in dry CH2CI2 at -78 °C over 
different periods of time, as summarised in Table 2.4. Pleasingly, these experiments clearly 
revealed an enhancement in enantiomeric excess of the dihydropyridone product (l?)-2.14a 
with respect to the amount of (fl)-BINOL used for synthesis, with the best result of 47% ee 
being observed over an addition period of 16 h (Table 2.4, entry 4).
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Table 2.4 Slow addition of solutions of 1 equivalent of B(OPh)3 over different periods of time to solutions of 0.1 
equivalents of (R)-BINOL, 1 equivalent of imine 2.12a and 1.2 equivalents of Danishefsky’s diene 2.13 at -7 8  °C.
Entry Length of Addition3
Equiv. of 
(R)-BINOL
ee of (/?)- 
2.14a (%)b
1 O h 0 .1 15
2 1 .5  h 0 .1 21
3 5  h 0 .1 4 2
4 1 6  h 0 .1 4 7
1 The addition of solutions of B(OPh)3 over long periods of time was carried out using a 
syringe pump.b The %ee was determined by chiral HPLC.
The use of sub-stoichiometric amounts of chiral ligand to increase the 
enantioselectivity in this type of reaction in which dynamic ligand exchange is operating 
constitutes a potential atom efficient strategy60 for asymmetric synthesis. To this end, 
parallel studies were then carried by adding solutions of 1 equivalent of B(OPh)3 to 
solutions of 1 equivalent of imine 2.12a, 1.2 equivalents of Danishefsky’s diene 2.13 and 
different amounts of (i?)-BINOL at -78 °C in dry CH2CI2 over 5 and 16 h. These studies 
clearly revealed that high enantioselectivities could be obtained when sub-stoichiometric 
amounts of (^)-BINOL were used for asymmetric catalysis under the new established 
conditions. The results obtained in these studies are summarised in Table 2.5 and Table 2.6 
respectively.
Table 2.5 Slow addition of solutions of 1 equivalent of B(OPh)3 over 5 h to solutions of 1 equivalent of imine 2.12a, 1.2 
equivalents of Danishefsky’s diene 2.13 and different amounts of (f?)-BINOL at -7 8  °C.
Entry Length of Addition3
Equiv. of 
(/?)-BINOL
ee of (/?)- 
2.14a (%)b
1 5  h 0 .1 4 2
2 5  h 0 .2 5 0
3 5  h 0 .5 7 2
4 5  h 0 .7 7 6
"The addition of solutions of B(OPh)3 was carried out using a syringe pump. bThe %ee 
was determined by chiral HPLC.
Table 2.6 Slow addition of solutions of 1 equivalent of B(OPh)3 over 16 h to solutions of 1 equivalent of imine 2.12a, 1.2 
equivalents of Danishefsky’s diene 2.13 and different amounts of (R)-BINOL at -7 8  °C.
Entry Length of Addition3
Equiv. of 
(/?)-BINOL
ee of (R)- 
2.14a (%)b
1 1 6  h 0 .0 5 2 8
2 1 6  h 0 .1 4 7
3 1 6  h 0 .2 6 5
4 1 6  h 1 8 8
1 The addition of solutions of BfOPĥ  was carried out using a syringe pump.b The %ee 
was determined by chiral HPLC.
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From these results, the following conclusions can be drawn:
■ The use of stoichiometric amounts of (i?)-BINOL achieves the best 
enantioselectivities, although remarkable increases in stereocontrol can be 
obtained using sub-stoichiometric amounts of (7?)-BINOL under the new 
established conditions. For example, a similar enantiomeric excess to the 
77% ee obtained when using 1 equivalent of (7?)-BINOL under the standard 
reaction conditions could be obtained when 0.7 equivalents of (i?)-BINOL were 
used under the new established conditions (Table 2.5, entry 4).
■ An improved and reproducible value of 8 8 % ee (compare to 81% ee obtained 
using 2 equivalents of (i?)-BINOL under standard conditions) could be obtained 
for the formation of dihydropyridone (i?)-2.14a by adding a solution of 1 
equivalent of B(OPh)3 to a solution of 1 equivalent of imine 2.12a, 1.2 
equivalents of Danishefsky’s diene 2.13 and 1 equivalent of (i?)-BINOL at 
-78 °C over 16 h (Table 2.6, entry 4).
- Exploring Longer Complexation Periods Between Imine 2.12a and Boron Reagent (R)- 
2.11b
In another attempt to improve the enantioselectivity of the reaction, it was decided 
to probe whether allowing longer periods of time for complexation between imine 2.12a 
and chiral boron reagent (i?)-2.11b (1 equivalent of B(OMe)3 and 2 equivalents of (R)- 
BINOL) before adding Danishefsky’s diene 2.13 would have a positive effect on the 
enantioselectivity. Thus, the complexation time between imine 2.12a and boron reagent (R)- 
2.11b was increased from 10 min to 4 h at 0 °C. Under otherwise identical conditions, this 
reaction yielded dihydropyridone (R)-2.14a in an improved 8 8 % ee (compare to 81% ee 
obtained using the established standard conditions). Therefore, it seemed that allowing the 
chiral boron reagent and the imine to interact for a longer period of time before adding the 
diene had a beneficial effect on the enantioselectivity of the reaction. However, pre- 
complexing boron reagent (/?)-2.11b and imine 2.12a for six days in a freezer prior to 
addition of Danishefsky’s diene 2.13 followed by the standard procedure, did not further 
improve the enantioselectivity of the reaction, with dihydropyridone (i?)-2.14a being 
formed in 87% ee in this case.
- Exploring the Effect of Using Higher Excesses o f Danishefsky’s Diene 2.13
The effect of using higher excesses of Danishefsky’s diene 2.13 was next 
investigated. In this experiment, boron complex (/?)-2.11b (1 equivalent of B(OMe)3 and 2
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equivalents of (7?)-BIN0L) and imine 2.12a were pre-complexed for 4 h at 0 °C, after 
which the reaction was cooled to -78 °C and 3 equivalents of Danishefsky’s diene 2.13 
(instead of the usual 1.2 equivalents) were added. The reaction was kept for 8 h at this 
temperature, after which the usual work-up and purification by column chromatography 
were carried out. Chiral HPLC analysis of the dihydropyridone product (R)-2.14a obtained 
showed a lower 77% ee.
- Investigation into Optimal Reaction Times
TLC of reactions after 5 h appeared to indicate that imine 2.12a was still present in 
the reaction mixture and that therefore, the reaction had not gone to completion after this 
period of time. In light of this observation, it was decided to determine whether the 
enantioselectivity remained constant throughout the course of the reaction, or could be 
improved using shorter reaction times.
In the first attempt, two different reactions were set up simultaneously using a boron 
reagent prepared with 5 equivalents of (/?)-BINOL and 1 equivalent of B(OMe)3, which was 
pre-complexed for 4 h at 0 °C with imine 2.12a. After cooling to -78 °C and addition of 
Danishefsky’s diene 2.13, one reaction was quenched and worked up after 30 min and the 
other reaction after 5 h at the same temperature. After purifying the two samples of 
dihydropyridone (i?)-2.14a obtained by column chromatography, their enantioselectivities 
were analysed by chiral HPLC and shown to be 72% ee after a reaction time of 30 min and 
84% ee after 5 h.
The reaction was then repeated on a four times larger scale using 2 equivalents of 
(/?)-BINOL and 1 equivalent of B(OMe)3 to prepare boron reagent (i?)-2.11b, and samples 
taken, quenched and worked up after 0.5 h, 1 h, 2.75 h and 5 h, whose enantiomeric excess 
was determined by chiral HPLC in each case. The enantiomeric excesses of 
dihydropyridone (Z?)-2.14a obtained in this experiment were found to be lower than in 
previous experiments (increasing from 59-71% ee), maybe due to difficulties in controlling 
the temperature of the larger scale reaction. However, a remarkable increase in the value of 
the enantiomeric excess of dihydropyridone (i?)-2.14a with longer reaction times was once 
again observed. Consequently, two further reactions were carried out allowing for longer 
reaction times, in order to investigate whether even higher enantioselectivities could be 
obtained. Using a boron reagent (i?)-2.11b prepared with 1 equivalent of B(OMe)3 and 2 
equivalents of (K)-BINOL and pre-complexing it with imine 2.12a for 4 h at 0 °C, the two 
reactions were allowed to react for 10 h and 20 h respectively at -78 °C after addition of 
Danishefsky’s diene 2.13. The enantiomeric excesses obtained were 84 and 8 6%
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respectively, which were similar in value to the enantiomeric excess obtained previously 
after 5 h.
A final experiment was then carried out to determine the enantiomeric excess of the 
dihydropyridone product (i?)-2.14a obtained after very short reaction times. For this 
experiment, boron reagent (/?)-2.11b was prepared using 1 equivalent of B(OMe)3 and 2 
equivalents of (7?)-BINOL, and pre-complexed with imine 2.12a for 4 h at 0 °C. After 
cooling to -78 °C and addition of Danishefsky’s diene 2.13, a reaction time of 10 min was 
allowed. The enantiomeric excess of dihydropyridone (/?)-2.14a obtained in this case was 
59%, indicating that respectable levels of enantioselectivity are obtained at the start of this 
reaction. Nevertheless, this value was still significantly lower than the enantiomeric 
excesses of around 85% obtained under the same conditions after a reaction time of 5 h, 
thus, raising the intriguing possibility that a mild form of enantioselective autoinduction61'63 
might be occurring. This could occur if the chiral dihydropyridone product (7?)-2.14a 
resulted in the formation of a more enantioselective catalytic species via some sort of 
association with the chiral boron reagent as the reaction proceeded.
- Attempts to Improve the Atom Efficiency60 of the Reaction by Using Sub-Stoichiometric 
Amounts of the Boron Reagent
The use of sub-stoichiometric amounts of the boron reagent with respect to imine 
2.12a was also investigated in another attempt to improve the atom efficiency of the 
reaction, and hence, its catalytic efficiency. However, the use of 10 mol% of boron reagent 
(ft)-2.11a (equimolar amounts of (i?)-BINOL and B(OPh)3) in the asymmetric aza-Diels- 
Alder reaction between imine 2.12a and Danishefsky’s diene 2.13 under the established 
standard conditions yielded dihydropyridone (i?)-2.14a in a disappointing <5% yield 
(calculated by ]H NMR using 2,5-dimethylfuran as internal standard51). This result 
demonstrated the need for stoichiometric amounts of the boron reagent for the reaction to 
occur efficiently at -78 °C, which would suggest that boron is coordinated to the reactants 
or products (or both) throughout the course of the reaction, whilst the BINOL ligand is free 
to undergo rapid dynamic ligand exchange (Scheme 2.15). This observation contrasts to 
reports by Waldmann and Lock, who described that when boron reagents (R)-2.11a and (S)- 
2.11a were used to catalyse their tandem Mannich-conjugate addition reactions, the highest 
yield of product was obtained using 0.5 equivalents of (i?)-2.11a. However, they reported 
that when B(OPh)3 was used to catalyse these reactions, the highest yields were obtained 
using stoichiometric amounts of the boron Lewis acid catalyst.38
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Scheme 2.15 Proposed dynamic ligand exchange mechanism in solution.§§
Recapping all the data obtained from this optimisation study, it can be concluded
that:
■ The highest enantioselectivities for the formation of dihydropyridone (J?)-2.14a 
are achieved by slow addition of a solution of l equivalent of B(OPh) 3  in dry 
CH2 CI2 to a solution of 1 equivalent of (^)-BINOL, 1 equivalent of imine 2.12a and
1.2 equivalents of Danishefsky’s diene 2.13 in dry CH2 CI2 at -78  °C over 16 h. 
Alternatively, pre-complexing boron reagent (7?)-2.11b (2 equivalents of (R)- 
BINOL) and imine 2.12a for 4 h at 0 °C, followed by addition of Danishefsky’s 
diene 2.13 at -78 °C, also afforded excellent levels of stereocontrol. The use of 
more than 2 equivalents of (i?)-BINOL to prepare the chiral boron reagent does not 
substantially improve the enantioselectivity of the reaction, and care must be taken 
to closely follow the optimised conditions if reproducible yields and enantiomeric 
excesses of dihydropyridone (J?)-2.14a are to be obtained.
■ The use of sub-stoichiometric amounts of (-K)-BINOL produces a significant 
chiral amplification when the reaction is performed by slow addition of B(OPh)3 .
55 In light of s u b se q u e n t d isco v e ries  during th is project, it c a n n o t be d isco u n ted  th a t chiral boron e n o la te s  a re  involved a s  reac tive 
s p e c ie s  in th e s e  aza-D iels-A lder reac tions. In th is c a se , th e s e  resu lts  w ould b e  co n s is te n t with th e  boron re a g e n t being irreversibly 
coo rd inated  to D an ishefsky’s  d ie n e  2 .13  o r dihydropyridone 2 .14a
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However, the best enantioselectivities are still obtained using stoichiometric 
amounts of (i?)-BINOL.
■ The enantiomeric excess of dihydropyridone product (J?)-2.14a increases as the 
reaction proceeds, raising the possibility of a mild form of asymmetric 
autoinduction. However, longer reaction times than 5 h do not seem to improve 
significantly the enantioselectivity of the reaction.
■ The use of sub-stoichiometric amounts of boron reagent CK)-2.11a (equimolar 
amounts of (i?)-BINOL and B(OPh)3) gives dihydropyridone (7?)-2.14a in very low 
yield at -78 °C, suggesting that boron is coordinated to the reactants or products (or 
both) throughout the course of the reaction, whilst the BINOL ligand is free to 
undergo rapid dynamic ligand exchange.
Ongoing research within the Bull and James research groups is actively searching 
for ways to further improve the yield and consistency of reactions catalysed by these boron 
reagents. To date, application of the optimised conditions described herein to a series of 
asymmetric aza-Diels-Alder and aldimine-aldol reactions for the asymmetric synthesis of 13- 
amino esters, have afforded chiral products in moderate to good enantiomeric excesses.
2 .6  Conclusions and Final R em arks
The presence of nonlinear effects, and the similar enantioselectivities and ligand 
acceleration effects observed for the formation of dihydropyridone (J?)-2.14a using chiral 
boron reagents (i?)-2.11a (1 equivalent of (i?)-BINOL) and (i?)-2.11b (2 equivalents of (R)- 
BINOL), would indicate that species (i?)-2.1 containing just one BINOL ligand is not the 
active catalytic species in this reaction (Figure 2.10).
B— OPh
(R)-2.1
Figure 2.10 Yamamoto and co-workers’ proposed structure for boron complex (R)-2.11a.
Considering the BINOL-boron complexes isolated so far by other authors that could 
be formed under the reaction conditions and contain more than one BINOL ligand, (R,R)-
2.2 reported by Yamamoto and co-workers,35 and (R,R,R)-2.17 reported by Kaufmann and 
Boese64 (Figure 2.11), appear as potential catalytic species in the aza-Diels-Alder reaction 
under study. However, the fact that Kaufmann and co-workers observed the formation of
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only homochiral propeller species 2.17,64,65 appears to exclude the mediation of this species 
as a competing catalyst in the reaction, since for NLEs to be observed, heterochiral species 
need to participate in the catalytic cycle. Nevertheless, its initial formation is not excluded, 
as this species may act as a pre-catalyst serving as a chiral reservoir of BINOL ligands. 
Alternatively, (R,R)-2.2 is also homochiral, and whilst no heterochiral equivalent has been 
reported to date (model studies have recently demonstrated its lower stability66), it clearly 
cannot act as a Lewis acid catalyst in this reaction, since the sp3 valency of boron is fully 
saturated. Nevertheless, once again, it may possibly act as a pre-catalyst reservoir for 
BINOL ligands.
(R ,R )-2 .2  {R ,R ,R )-2 A 7
Figure 2.11 Structures reported previously containing more than one BINOL ligand that could be formed in the reaction 
under study.
Although not isolated, Yamamoto et al. proposed the potential intermediacy of a 
complex of the type (R,R)'(S)-2.1S (Figure 2.12) to account for the stereochemical outcome 
in the reactions catalysed by boron reagent (i?)-2.11b (2 equivalents of (i?)-BINOL), which 
was supported by ’H NMR analysis and difference NOE measurements.35 As described 
previously for other BLAs (page 20), coordination of the imine to the boron atom results in 
one of the OH groups of the BINOL ligands acting as a Bronsted acid within a fixed 
transition state. While the formation of borate anionic species 2.2 requires that both BINOL 
ligands are of the same configuration, in the activated complex (R,R)-(S)-2.1S formed after 
addition of the imine, the two BINOL ligands of the catalytic fragment can potentially be of 
opposite configurations due to its higher flexibility. The intermediacy of a complex of this 
type in the aza-Diels-Alder reaction under study would therefore be in agreement with the 
observation of NLEs in this reaction. In view of this, it was next decided to develop stable 
mimics of this intermediate and to react them with Danishefsky’s diene, in order to probe 
whether activation of the imine by a chiral boron reagent was likely to be part of the 
reaction pathway (see next chapter).
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Ph
(R ,R ) iS )-2.18*
T h e  chirality descriptors in th e first bracket correspond to the configurations of th e binaphthyl m oieties  
and th e  o n e  in the seco n d  bracket to the configuration of the imine
Figure 2.12 Yamamoto et  a/.’s proposed intermediate to account for the stereochemical outcome in the reactions 
catalysed by boron reagent (R)-2.11 b.
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Chapter 3 Results and Discussion
3 The Synthesis of Stable Boronates with an Intramolecular 
Imino N—>B Coordinate Bond and their Use in Synthesis
3.1 Sum m ary of th e  C hap ter
This chapter describes a simple and successful synthesis of stable boronates with an 
intramolecular imino N—>B coordinate bond, which owe their stability to the tetrahedral 
character of boron in these complexes. The use of the boronate (i?)-3.1 derived from (R)- 
BINOL (Figure 3.1) as a mimic of Yamamoto and co-workers’1 proposed activated 
intermediates of the type (S)*(S)-3.2* (Figure 3.1) for formal aza-Diels-Alder reactions with 
Danishefsky’s diene was unsuccessful. This may suggest that the critical step in the boron- 
catalysed formal aza-Diels-Alder reactions is not activation of the imine by the chiral boron 
reagent (although the formation of these intermediates was observed), but the formation of a 
chiral boron enolate via transmetallation of Danishefsky’s diene. Achiral versions of these 
boronates derived from 2,2-dimethyl-1,3-propanediol were alkylated by addition of 
Grignard reagents to the imine moiety, taking advantage of the intramolecular activation of 
the imine by the boron Lewis acid moiety. The adducts obtained were subsequently coupled 
with 4-iodotoluene by a Suzuki coupling exploiting the boron moiety of the complex.
*The chirality descriptors in the first bracket correspond to the configuration o f the binaphthyl m oiety  
and th e o n e  in th e seco n d  bracket to the configuration of the imine
Figure 3.1 Boronate (R)-3.1 developed in an attempt to synthesise stable mimics of Yamamoto and co-workers’ 
proposed activated intermediates of the type (S) (S)-3.2.
3 .2  Envisaged P rog ram m e of W ork
As described in the previous chapter, the presence of NLEs in the formal aza-Diels- 
Alder reactions catalysed by a boron reagent formed from mixing equimolar amounts of
* T he authors reported this com p lex a s  th e (R) (S ).
H
(R)-3.1 (S )(S )-3 .2 '
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BINOL and B(OPh)3, suggested that a complex containing more than one BINOL ligand 
was the active catalytic species in these reactions. As already discussed, the potential 
intermediacy of a complex of the type (R,R)‘(S)~3.3 (Figure 3.2) reported by Yamamoto et 
a l2 would be in agreement with the presence of NLEs in these reactions, due to the 
possibility of forming heterochiral and homochiral complexes of this type. Thus, it was 
decided to attempt to isolate the proposed complex formed between the chiral boron reagent 
and the imine, in order to verify its intermediacy in these reactions.
(R ,R )(S )-  3.3* (S)-3.4
*The chirality desc rip to rs  in th e  first b racke t co rresp o n d  to  th e  configurations of th e  binaphthyl m oieties 
an d  th e  o n e  in th e  seco n d  b racke t to the  configuration of th e  im ine
F ig u r e  3 .2  Y a m a m o to  a n d  c o -w o r k e r s ’ p r o p o se d  a c t iv a te d  in te r m e d ia te s  ( R , R ) ( S ) - 3 .3  for form al a s y m m e tr ic  a z a -D ie l s -  
A ld er  a n d  a ld im in e -a ld o l r e a c t io n s  an d  K elly e t  a l. 's  p r o p o s e d  in te r m e d ia te s  ( S ) - 3 .4  in th eir  D ie ls-A ld er  r e a c tio n s .
However, it was reasoned that even if a complex of the type (R,R)-(S)-3.3 was 
formed during the reaction, this would not prove that this type of complex was the active 
intermediate in the reaction, since subsequent transmetallation of Danishefsky’s diene to a 
chiral boron enolate was also possible. In view of this, it was decided to develop stable 
mimics of this type of activated intermediate involving the starting imine and to use them in 
formal #ztf-Diels-Alder reactions with Danishefsky’s diene. The success of these reactions 
would then indicate that activation of the imine by the chiral boron reagent affords a key 
intermediate in the reaction pathway. Inspired by Kelly et aids3 idea of employing modified 
BINOL-boron substrates (S)-3.4 for asymmetric Diels-Alder reactions (see Figure 3.2), it 
was decided to attempt to synthesise stable mimics of activated intermediates involving 
imines by incorporating the imine moiety as part of a ligand attached to boron.
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H
(S)-3 .5  3 .6a-d
R = (a) C 6 H5, (b) p-CH 3C6 H4, ( c )  C6 H5CH2, (d) CH3CH2CH2 
Figure 3.3 Yamamato et al.'s proposed boron reagent formed from mixing equimolar amounts of {R)~BINOL and 
B(OPh)3l and Dunn and co-workers’ boronic esters with an intramolecular imino N—>B coordinate bond.
Whilst boron complex (5)-3.5 (Figure 3.3) is likely to be unstable due to the 
incorporation of a BINOL ligand into a seven-membered ring containing a sp2 hybridised 
boron atom as already discussed, in the hypothetical transition state (S)'(S)-3.2 (Figure 3.1), 
the boron atom is sp3 hybridised. The way in which Kelly and co-workers depicted their 
proposed intermediate species (S)-3.4, suggested that its boron atom had partial sp3 
character arising from intramolecular interaction with the lone pair of the carbonyl group of 
the dienophile, thus, rendering a potentially more stable complex. Consequently, it was 
thought that stable mimics of a complex of the type 3.2 might be formed if the lone
pair of the nitrogen atom of an imine was available for intramolecular coordination to afford 
stable boron sp3 complexes, such as in the case of compounds 3.6 previously reported by 
Dunn et al.4 These complexes were readily synthesised from 2-formylphenylboronic acid, a 
primary amine and catechol. Therefore, it was decided to synthesise mimics of 
intermediates of the type (S)'(S)-3.2 from BINOL, 2-formylphenylboronic acid and 
benzylamine, and to use them in formal aza-Diels-Alder reactions with Danishefsky’s diene 
to investigate whether activation of the imine by the boron reagent provided sufficient 
activation for the reaction to proceed.
3 .3  R esults and Discussion
3.3,1 Attempts to Isolate the Complex Formed Between the Chiral Boron 
Reagent and the Imine
When Yamamoto and co-workers proposed the intermediacy of complex (S)-(S)-3.2 
in aldimine-aldol reactions, they noted that in the presence of a boron reagent formed 
from mixing equimolar amounts of B(OPh)3 and CK)-BINOL, ]H NMR analysis showed that 
the imine proton resonance was shielded by 0.4 ppm, from 5h 8.44 ppm to appear at 5h 8.04 
ppm. No additional information about the conditions under which this ]H NMR analysis
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was carried out or the chemical shifts of any other signals was given.1 On the other hand, 
they reported that when a boron reagent was prepared from 2 equivalents of (^)-BINOL and 
1 equivalent of B(OMe)3, the imine proton was strongly deshielded, from 8h 8.39 ppm to 
appear at 8 h 12.65 ppm.2 In addition, the methine and methyl protons of the substituent at 












B(O Ph ) 3 rV0H 4  A MSM_ rt 1 h
Boron
R eagen t 0 °C, 10 min
R eagent-lm ine
C om plex
1 equiv. 1 or 2  equiv.
Scheme 3.1 Attempted isolation of the complexes formed between imine 3.7 and the chiral boron reagent formed from 
mixing 1 or 2 equivalents of (R)-BINOL and 1 equivalent of B(OMe)3 or B(OPh)3.
As commented in the previous chapter, when examining the ]H and nB NMR 
spectra of a boron reagent formed from mixing equimolar amounts of B(OPh)3 or B(OMe)3 
and (R)-BINOL at room temperature, only resonances corresponding to the starting 
materials were observed. However, when imine 3.7 was added at 0 °C to a pre-stirred 
solution of equimolar amounts of B(OMe)3 and (7?)-BINOL (Scheme 3.1), ]H NMR 
analysis (400 MHz, CD2CI2) of this mixture showed that the resonance corresponding to the 
imine proton was shielded by 0.23 ppm (from 8 H 8.44 ppm to 8 H 8.21 ppm), as well as the 
benzylic protons of the substituent at the nitrogen (from 8 h 4.83 to Sh 4.55-4.62 ppm) 
(Figure 3.4). In addition, the benzylic protons no longer appeared as a singlet, but as two 
unresolved doublets, which suggested the formation of a chiral complex involving imine 3.7 
and (i?)-BINOL. Two small doublets at 8h 2.70 and 2.85 ppm with Jgem 13.4 Hz, a small 
doublet at 8h 4.38 ppm with J  5.7 Hz, and several unresolved small new resonances 
between 8h 6.00-7.00 ppm were also observed, indicating the existence of more than one 
chiral species involving imine 3.7 in solution. It is also noteworthy that the aromatic region 
increased in complexity in comparison to the spectra of imine 3.7 and (i?)-BINOL. Finally, 
in the nB NMR spectrum (96 MHz, CD2CI2) of this mixture a resonance at 8 b 10.1 ppm 
was observed, which indicated formation of a new boron species in which the boron nucleus
-81 -
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.A ,Ph H 
3.7
(1 equiv.)




4 .6  4 .5  4 .4 p pm
8.5 8.0 7 .5 7 .0 6 .5 6.0 5.5 5.0 4 .5  ppm
Figure 3 .4  1H N M R  s p e c tr a  (CD2CI2) a n d  e x p a n s io n s  o f  k ey  r e g io n s  o f  (a ) im in e  3 .7 ,  (b) im in e  3 .7  w ith a  so lu t io n  o f  
e q u im o la r  a m o u n ts  o f  B (O M e ) 3 a n d  (R )-B IN O L , an d  (c ) im in e 3 .7  w ith  a  so lu tio n  o f  1 e q u iv a le n t  o f  B (O M e ) 3 a n d  2  
e q u iv a le n ts  o f  (R )-B IN O L .
When the same experiment was carried out using a boron reagent formed with 2 
equivalents of (7?)-BINOL and 1 equivalent of B(OMe)3 , a similar spectrum was obtained 
(Figure 3.4). This time, the two doublets at 8B 4.52 ppm and 8h 4.56 ppm with Jg&m 13.8 
ppm corresponding to the benzylic protons of the substituent at the nitrogen were well 
resolved, confirming the formation of a chiral complex involving the imine. The n B NMR 
spectrum also showed a resonance at 8b 9.9 ppm, indicating once again the presence of a 
new species in which the boron nucleus was shielded.
Similar results (shielding of the resonances corresponding to the imine, the 
appearance of the benzylic protons as two doublets, and the presence of similar new 
resonances in the same regions of the 'H NMR spectrum) were observed in the ’H NMR 
spectra of the complexes formed between imine 3.7 and a boron reagent prepared with 1 
equivalent of B(OPh) 3  and 1 or 2 equivalents of (7?)-BINOL. n B NMR analysis of these 
mixtures also showed upfield resonances at around 8B 10 ppm (compare with 8B 17.1 ppm 
observed for B(OPh) 3  under the same measurement conditions).
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The high similarity of both the !H and nB NMR spectra of the complexes formed 
when mixing imine 3.7 with a solution of a boron reagent derived from 1 or 2 equivalents of 
(R)-BINOL, would indicate that the species formed in both cases are the same.
Thus, in summary, these NMR studies revealed that:
■ The imine used in aza-Diels-Alder reactions can form chiral complexes by 
coordination to the chiral boron reagent.
■ The same type of species seems to be formed when using 1 or 2 equivalents of 
(i?)-BINOL to form the chiral boron reagent.
3.3.2 The Development o f  Stable Mimics o f  Yamamoto and Co-workers’ 
Intermediates Involving Imines
Since these NMR studies demonstrated the formation of BINOL-boron-imine 
complexes, an attempt was then made to prepare stable boronate mimics of these 
complexes.
- Preliminary Attempts to Synthesise Boronates with an Intramolecular Imino N-+B 
Coordinate Bond Using 1,3- and 1,2-Diols
Before attempting the synthesis of the desired BINOL-boronate complexes, it was 
decided to optimise the reaction conditions using a series of simpler diols, such as 2 ,2 - 
dimethyl-1,3-propanediol 3.8. Thus, 1 equivalent of diol 3.8 was reacted with 1 equivalent 
of 2-formylphenylboronic acid 3.9 and 1.1 equivalents of benzylamine 3.10 in dry THF at 
room temperature for 3-5 hours (Scheme 3.2). The solvent was then evaporated in vacuo 




N2, rt, 3-5  h
3.113 .10
OH OH
3.8  3 .9
Scheme 3.2 Formation of a six-membered cyclic boronate with an intramolecular imino N—*B coordinate bond using 
2,2-dimethyl-1,3-propanediol, 2-formylphenylboronic acid and benzylamine.
The H NMR spectrum (300 MHz, CDCI3) of this crystalline solid was in 
accordance with the formation of complex 3.11. Thus, one resonance at 8 h 1.00 ppm 
appeared as a singlet integrating to six protons, corresponding to the two methyl groups of
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complex 3.11; another singlet at 8 h 3.53 ppm integrating to four protons corresponded to 
the two CH2OB groups; a doublet at 8 h 4.89 ppm with J  1.0 Hz (due to coupling to the
substituent of the imine nitrogen (cf. benzylamine at 8 h 3.86 ppm); and finally, a singlet at 
8 h 8.34 ppm indicated the formation of an aldimine. The 13C NMR spectrum (75.5 MHz, 
CDCI3 ) of this compound showed four peaks at 8 c 22.6, 32.2, 61.8 and 72.5 ppm for the 
carbons corresponding to the two methyl groups, the quaternary carbon bearing the methyl 
groups, the carbon of the benzylic group and the two carbons of the methylene groups of the 
ester moiety respectively. The peak at 8 c 164.7 ppm indicated the formation of an aldimine.
The nB NMR spectrum (96 MHz, CDCI3 ) of this compound showed a single peak 
at 8 b 23.9 ppm. Comparing the 83  of complex 3.11 with the 8 b of the ester formed by 
reacting 2,2-dimethyl-1,3-propanediol with benzeneboronic acid (8b 27.5 ppm), it is 
apparent that the boron nucleus in complex 3.11 is more shielded, consistent with the partial 
formation of a weak stabilising intramolecular N—>B coordinate bond. When similar boron 
containing compounds are compared, the chemical shift in their 1]B NMR spectra gives an 
indication of the electron density around the boron nucleus, with a lower chemical shift 
indicating that the boron is more shielded. The IR spectrum (KBr) of complex 3.11 did not 
exhibit any absorption corresponding to a C=0, OH or NH2 groups. It did however, display 
an absorption at vmax 1633 cm'1 corresponding to the C=N bond of an a-aryl-imine, and a 
band at vmax 1349 cm'1 that might be due to a B -0  bond. Elemental analysis confirmed the 
formation of complex 3.11.
imine proton) integrating to two protons was in accordance with the benzylic protons of the
3.8 3.9 (S)-3.12 (S)-3.13
3.8 3.9 (R)-3.12 (R)-3.13
Scheme 3.3 Formation of chiral versions of complex 3.11 using (S)- and (R)-l-phenylethylamine.
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The synthesis of chiral analogues of complex 3.11 by using (S)- and (R)-1- 
phenylethylamine 3.12 to produce complexes (5)- and (7?)-3.13 was then carried out in a 
similar manner (see Scheme 3.3). After crystallisation from w-hexane, both compounds 
were obtained as light yellow solids, (S)-3.12 in 64% yield and (^)-3.12 in 47% yield. The 
]H and 13C NMR spectra of the crystalline solids obtained were in agreement with the 
formation of structures 3.13, showing resonances corresponding to the formation of an 
aldimine and a boronate ester. A broad singlet at 8 b 28.6 ppm in the nB NMR spectra of 
these compounds indicated that there was a weaker N—>B interaction than for complex 3.11, 
which might be explained by increased steric hindrance around the nitrogen centre. The IR 
spectrum (KBr) showed a band appearing as a doublet at vmax 1639 and 1633 cm'1, 
indicating the presence of an a-aryl-imine, and an absorption at vmax 1372 cm'1 in agreement 
with a B -0  bond. Microanalysis confirmed the formation of compounds 3.13.
HO. .OH B
^ . (y” H,N
OH OH
dry THF
N2, rt, 1 2  h
3 .8  3 .9  3 .1 4  3 .15
Scheme 3.4 Formation of a six-membered cyclic boronate with an intramolecular N—>B coordinate bond using 2,2- 
dimethyl-1,3-propanediol, 2-formylphenylboronic acid and aniline.
In order to probe the scope and limitation of the reaction, the formation of a similar 
complex with a primary aromatic amine such as aniline 3.14 was attempted (Scheme 3.4). 
The brown oil obtained in 99% yield after evaporation of THF could not be crystallised as 
in the previous examples. However, the ]H NMR spectrum (300 MHz, CDCI3 ) of the crude 
reaction product revealed the presence of complex 3.15 in high yield, containing only traces 
of starting aniline. Similarly to the previous examples, one singlet at 8 r 1.08 ppm 
integrating to six protons was found, corresponding to the two methyl groups of the ester 
moiety in 3.15. The four protons corresponding to the two CH2OB groups appeared as 
another singlet at 8h 3.80 ppm. Finally, a singlet at 8 r 8.89 ppm was in agreement with the 
formation of an aromatic imine (compare to the value of 8 H 8.34 ppm for the imine proton 
of complex 3.11). This time, the nB NMR spectrum (96 MHz, CDCI3 ) showed a single 
peak at 8 3  30.1 ppm, accounting for a more deshielded boron than for complex 3.11, 
presumably due to competing conjugation of the lone pair of the nitrogen with the aryl ring. 
The IR spectrum (film) of this compound demonstrated an absorption at vmax 1626 cm'1
- 8 6 -
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indicating the presence of an a-aryl-imine, and a strong absorption at vmax 1303 cm'1 in 
accordance with the presence of a B -0  bond. HRMS confirmed the formation of complex
3.15.
Subsequently, attention was turned to the preparation of boronate complexes 
derived from 1,2-diols. It was predicted that the higher bond angle strain in the resultant 
five-membered cyclic esters might result in stronger coordination to the imino nitrogen in 
order to develop a more tetrahedral boron atom for relief of ring strain. As a result, the nB 
NMR spectra of these complexes should show peaks at a lower chemical shift than those of 
the previous examples.





(R ,R )-3 .1 6  3 .9  3 .10
dry THF
N2. rt, 1 2  h
Scheme 3.5 Formation of a five-membered cyclic boronate with an intramolecular N—>B coordinate bond using (2R,3R)- 
(-)-2,3-butanediol, 2-formylphenylboronic acid and benzylamine.
The first 1,2-diol employed was (2i?,3i?)-(-)-2,3-butanediol (i?,i?)-3.16 (Scheme 
3.5). Carrying out the synthesis in a similar way gave after crystallisation from «-hexane 
complex (R,R)-3.11 as a light yellow solid in 22% yield. ^  NMR analysis (300 MHz, 
CDCI3 ) revealed two resonances at §h 1.32 ppm and 1.33 ppm integrating to six protons 
which appeared as doublets with J  1.7 Hz, corresponding to the methyl groups of the ester 
moiety; a multiplet between 8h 3.84-3.90 ppm integrating to two protons corresponded to 
the two methine protons in the diol protecting group; the benzylic protons appeared as two 
doublets at 8 r 4.80 ppm and 8 h 4.87 ppm with Jgtm 16.3 Hz, with a small coupling to the 
imine proton with J  1.6 Hz; and finally, a singlet integrating to a proton at 8h 7.87 ppm 
indicated the formation of an aldimine. As predicted, the nB NMR spectrum of (R,R)-3.11 
showed a single peak at a chemical shift lower than in the previous six-membered cyclic 
esters (8b 17.2 ppm), indicating a much stronger N—>B interaction. The IR spectrum (KBr) 
of (R,R)-3A1 revealed an absorption at vmax 1635 cm'1 for an a,|3-unsaturated imine, and a 
band at vmax 1375 cm'1 in accordance with the presence of a B -0  bond. Finally, elemental 
analysis confirmed the formation of (R,R)-3.17.
Boronate complex (S,S)-3.19 and its enantiomer (R,R)~3.19 were then prepared 
using (-)-dimethyl D-tartrate (»S,«S)-3.18 and (+)-dimethyl L-tartrate (R,R)~3.18 as diols
- 8 7 -
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(Scheme 3.6). ]H NMR analysis of these compounds was in accordance with the formation 
of an aldimine and a boronate ester. The nB NMR spectra of (iS',5)-3.19 and (R,R)-3.19 
showed peaks at 8b 16.1 ppm, once again in accordance with a more shielded boron 
nucleus. Microanalysis confirmed the formation of (SJS)-3.19 and (R,R)-3.19. The 
complexes derived from (6)-phenylethylamine were also synthesised, and will be discussed 
in the following chapter.
M e 0 2Q. C 0 2M e CHO
r\
H O . .O H
H,N dry THF
N2, rt, 5 hHO OH
(S ,S )-3 .1 8  3 .9  3 .10  (S ,S )-3 .19
C 0 2Me
M e 0 2 C ,
H O . .O H o-.R'
H2N Ti ^  dry THF H
B -— :n
M6 O2 C p 0 2M e CHO
/ \ + ., .
HO OH n 2 . rt, 5 h
(R ,R )-3 .1 8  3 .9  3 .10  (R ,R )-3 .19
Scheme 3.6 Formation of five-membered cyclic boronates with intramolecular N—>B coordinate bonds using dimethyl d- 
or L-tartrate, 2-formylphenylboronic acid and benzylamine.
In the case of (S,S)-3.19, suitable crystals for X-ray analysis  ̂ could be obtained by 
recrystallisation from w-hexane, which clearly demonstrated the existence of an 
intramolecular N—»B coordinate bond (Figure 3.5). The length of this bond was 1.696 A 
(see Table 3.1 for selected bond lengths and angles and the appendix for full details of the 
crystallographic analysis), which is comparable to the sum of the covalent radii (1.54 A6) 
and to the N—»B distance7'9 observed for similar structures. The tetrahedral character 
according to Toyota and Oki’s definition of (S,S)~3.19 was calculated to be 59%, which is 
in accordance with the tetrahedral character of other chelate complexes involving boronate 
esters10 (see definition of THCoki in Scheme 3.7 and bond angle values in Table 3.1). This 
parameter was introduced by Toyota and Oki10 to account for the strength of the N—>B 
coordinate bond, and redefined in 1999 by Hopfl7 (THCda) (see Scheme 3.7).
 ̂ Crystallography. Crystallographic m easu rem en ts w ere recorded on a N onius KappaCCD diffractometer with Mo-Ka radiation (A = 
0 .7 1 0 7 4  A). All structures w ere  so lved  by direct m ethods and refined on all F2 data using the SHELX-97 suite o f program m es .5




(S ,S )-3 .19
F ig u r e  3.5 ORTEP view of (S,S)-3.19 with ellipsoids drawn at 30% probability level. 
T a b le  3.1 Selected bond lengths (A) and bond angles (°) for (S,S)-3.19 (see  Figure 3.5).
B(l)-0 (1 )







0 ( l ) -B ( l ) -0 (2 )
0(1)-B(1)-C(1)
0 (2 )-B (l) -C (l)
0(1)-B(1)-N(1)








120° -  (0 | + 6»2 + 6 tj)° /3
%  T H C oki = ----------------------------------------  x 1 0 0
OKI 1 2 0 ° -1 0 9 .5 °
% THCda = 1 -
I  1109.5 - <9„|
<7= 1 - 6
90°
x 1 0 0













03 V-B-Z  
6k D-B-X  
^  D-&-Y 
0k D-B-Z
S c h e m e  3 .7  Toyota and Oki’s (THC o k i) and Hopfl’s (TH C da) definitions of tetrahedral character.
According to Toyota and Oki’s definition, when the boron atom is trigonal, the sum 
of the three angles between the boron substituents is 360°  and consequently, the THCoki of 
the compound is 0%. When the boron atom is tetrahedral, this value is 100%. Compounds 
with partial tetrahedral character would then show values of THCoki between 0 and 100%. 
The THCoki can be higher than 100%. Hopfl’s definition of tetrahedral character (TH C da)
- 8 9 -
Chapter 3 Results and Discussion
also takes into account the bond angles between the donor atom and the substituents at 
boron, with T H C d a  being 0 % when 6\ = 6 2  = #3 = 1 2 0° and O4  = O5 = 6 $ = 90° (thus, when 
there is a weak interaction between the boron and the donor atom), and 10 0% when 0 n =i_6 = 
109.5° (a tetrahedral species is formed). T H C d a  takes values between 0 and 10 0%.
The average B—O bond length in complex (S,S)-3.19 is 1.447 A, which is longer 
than the B—O bond length in sp2 boron species such as phenylboronic acid (1.371 A), which 
can be reasoned by partial hybridisation of the boron from sp2 to sp3. This value is in 
accordance with the B—O bond lengths reported for similar chelate complexes.9,10 The same 
kind of argument can be used to account for the length of the B—Cphbond (1.618 A), which 
is also longer than the standard length of the B—Cph bond in uncoordinated arylboranes11 
(ca. 1.57 A).
- The Synthesis of Stable BINOL-Boronates with an Intramolecular Imino N ^ B  
Coordinate Bond
After these promising preliminary results, the next step was to attempt to form the 
same type of complexes using BINOL as the diol to form cyclic boronate esters as 
substrates for model formal az^-Diels-Alder reactions. It was proposed that the potential 
intramolecular N—>B coordinate bond would afford the boron atom with partial sp3 
character, thus, facilitating the formation of these complexes. This added stabilisation 
should then serve to overcome the difficulty in synthesising BINOL-boron sp2 species 
described in the previous chapter. In a first attempt to synthesise these species, 1 equivalent 
of racemic BINOL (rac)-3.20, 1 equivalent of 2-formylphenylboronic acid 3.9 and 1.1 
equivalents of benzylamine 3.10 were stirred in dry THF at room temperature for 3-5 hours 
to produce (rac)-3.1 (Scheme 3.8).
(rac)-3 .2 0  3 .9  3 .10
Scheme 3.8 Attempted synthesis of a BINOL-boronate with an intramolecular N->B coordinate bond.
The crude oil obtained after removal of THF was crystallised from CHCb/w-hexane 
to give a light yellow solid in 89% yield. The ]H NMR spectrum (300 MHz, CDCI3 ) of 
(rac)-3.1 showed a new resonance appearing as a doublet at 8 r 4.60 ppm with J  1.5 Hz (by
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coupling to the imine proton) integrating to two protons in accordance with the two 
benzylic protons. The resonance corresponding to the imine proton could not be identified 
this time, as it was buried in the same region as the aromatic protons. However, the 13C 
NMR spectrum (75.5 MHz, CDCI3 ) of this compound showed a peak at 5c 168.8 ppm in 
accordance with the carbon of an imine. The nB NMR spectrum (96 MHz, CDCI3 ) of (rac)- 
3.1 showed a single peak at 5b 14.1 ppm, indicating that the interaction between boron and 
nitrogen in these complexes was comparable to that previously observed for boron 
complexes derived from 1,2-diols. The presence of a band at vmax 1631 cm"1 in the IR 
spectrum (KBr) of (rac)-3.1 indicated the presence of an imine, and an absorption at vmax 
1335 cm'1 the existence of a B -0  bond. In this case, elemental analysis did not give an 
optimal correlation between the calculated and found carbon compositions (expected: 
83.4% and found: 82.8%), although the difficulty in obtaining correct elemental analyses 
for derivatives of boronic acids is well-known, with low values for carbon often being 
observed.12,13 However, HRMS did confirm the existence of the molecular ion.
Encouraged by the results obtained, enantiopure versions of complex 3.1 were 
synthesised using (R)- and (S)-BINOL. This time, suitable crystals for X-ray analysis could 
be obtained for both complexes (Figure 3.6), which confirmed their formation. The length 
of the intramolecular N—>B coordinate bond in (i?)-3.1 was 1.646 A and 1.647 A in (S)-3.1, 
which were slightly shorter than the N—>B coordinate bond in the complex formed with (-)- 
dimethyl D-tartrate (1.696 A) (see Tables 3.2 and 3.3 for selected bond lengths and angles 
and the appendix for full details of the crystallographic analysis). The T H C oki of (i?)-3.1 
and (S)-3.1 was calculated to be 52%, slightly lower than for the (-)-dimethyl D-tartrate 
derived complex (59%), which may be due to the higher steric demands offered by BINOL. 
The average B—O bond length in this complex was 1.4525 A and the length of the B-Cph 
bond 1.620 A, which are similar to those observed for the (-)-dimethyl D-tartrate derived 
complex.
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Figure 3.6 ORTEP views of (R)- and (S)-3.1 with ellipsoids drawn at 30% probability level. 
Table 3.2 Selected bond lengths (A) and bond angles (°) for (R)-3.1.
B (l)-0 (1 ) 1.459(3) 0 ( l ) -B ( l ) -0 (2 ) 115.20(16)
B(l) -0 (2 ) 1.446(2) 0(1)-B(1)-C(1) 117.24(17)
B(l) -N (l) 1.646(3) 0(2 )-B (l) -C (l) 111.31(16)
B(l)-C (l) 1.620(3) 0(1)-B(1)-N(1) 104.29(15)
0(2 )-B ( l) -N ( l) 109.69(16)
C(l)-B (l) -N (l) 96.97(14)
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T a b le  3 .3  S e le c t e d  b o n d  le n g th s  (A) a n d  b o n d  a n g le s  (°) for (S ) -3 .1 .
B( 1 ) -0(  1) 1.463(3) 0 ( l ) -B ( l ) -0 (2 ) 115.1(2)
B (l) -0 (2 ) 1.442(3) 0(1)-B(1)-C(1) 117.0(2)
B (l) -N (l) 1.647(3) 0 (2 )-B (l) -C (l) 111.6(2)
B (l)-C (l) 1.622(3) 0(1)-B(1)-N(1) 104.18(19)
0 (2 )-B ( l) -N ( l) 109.9(2)
C (l)-B (l) -N (l) 96.89(18)
Comparing the structure of BINOL-boronate complex (*S)-3.1 with Yamamoto and 
co-workers’ proposed intermediate (S)-(S)-3.2\ and Kelly et al.'s proposed intermediate 
(£)-3.4,3 it can be seen that complex (5)-3.1 is structurally similar to the proposed complex 
(»S)-3.4, and represents a stable mimic of the proposed intermediates (S)‘(S)~3.2 in 
asymmetric formal aztf-Diels-Alder reactions (Figure 3.7).
o
(S )-3 .4(S)-3.1
F ig u r e  3 .7  C o m p a r is o n  o f  th e  s y n t h e s is e d  B IN O L -b o ro n a te  c o m p le x  (S ) -3 .1  w ith Y a m a m o to  a n d  c o -w o r k e r s ’ p r o p o se d  
in te r m e d ia te  (S )  ( S ) -3 .2  a n d  K elly  e t a l . 's  p r o p o s e d  in ter m ed ia te  (S ) -3 .4 .
Consequently, the formal aza-Diels-Alder between (R)-3.1 and Danishefsky’s diene 
(Scheme 3.9) was next attempted under similar reaction conditions to those reported by 
Yamamoto et a/.,14,15 to probe whether their formal aza-Diels-Alder reactions occurred by 
activation of the imine by the chiral boron reagent, or by the alternative formation of a 
chiral boron enolate from transmetallation of Danishefsky’s diene. Thus, 1.2 equivalents of 
Danishefsky’s diene 3.21 were added dropwise to a solution of 1 equivalent of (/?)-3.1 in 
dry CH2 CI2 in the presence of 4 A molecular sieves at -78  °C, and the solution was stirred 
at the same temperature for a further 5 h. TLC of the reaction mixture after that time did not 
show any evidence for a new product, and consequently, the reaction was stirred for a 
further 2 h at room temperature. After that time, the reaction mixture was once again 
analysed by TLC, with no new product being observed. As no improvement was found, the 
reaction mixture was stirred at reflux for 12 h, after which the solvent was removed in
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vacuo and the reaction mixture analysed by 'H NMR in the presence of a known amount of 
2,5-dimethylfuran16 as an internal standard. The 'H NMR spectrum of the crude reaction 
product only revealed the presence of (R)-3.1, as well as 3.22 derived from hydrolysis of 
3.21 (Scheme 3.9).
(R)-3.1





N2, -78 °C, 5 h
Scheme 3.9 U n s u c c e s s fu l  a s y m m e tr ic  a z a -D ie ls -A ld e r  re a c tio n  w ith o n e  o f  th e  s y n t h e s is e d  B IN O L -b o ro n a te  c o m p le x e s  
a n d  o b s e r v e d  p ro d u ct from  h y d r o ly s is  o f  D a n is h e fs k y ’s  d ie n e  (3.22).
The lack of reaction of this model formal aza-Diels-Alder substrate could be a result 
of two possibilities:
■ The transition state of catalytic formal aza-Diels-Alder reactions does not occur via 
addition of Danishefsky’s diene to a Lewis activated iminium species. Instead, 
BINOL-boron-imine complex 3.23 acts as a pre-catalyst for the formation of a 
chiral boron enolate 3.24 that is responsible for the asymmetric induction observed 
in these reactions (Scheme 3.10).
■ The complexes formed may not be good mimics of the intermediates proposed by 
Yamamoto and co-workers. For example, the aryl ligand on boron may not be 
electron withdrawing enough to provide sufficient Lewis acid activation for the 
imine to react. Alternatively, intermediate 3.23 (Scheme 3.10) contains a free 
phenolic hydroxyl group that can participate in the aza-Diels-Alder reaction, which 
is not present in (R)-3.1. Consequently, investigations are currently underway 
within the Bull and James groups in order to develop improved mimics of 
Yamamoto et a/.’s intermediates. These include the formation of complexes 3.25 
with an oxygen atom between the aryl ring and the boron atom, or the use of 2- 
formyl-3,5-bis(trifluoromethyl)phenylboronic acid derived complexes 3.26 (Figure 
3.8).
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Scheme 3.10 Alternative stepwise Mannich-type reaction-conjugate addition mechanism for the formation of the aza- 
Diels-Alder dihydropyridone product.
Figure 3.8 Alternative mimics of Yamamoto and co-workers’ intermediates.
3.3.3 The Use o f  Boronates with an Intramolecular Imino N ^ B  Coordinate 
Bond fo r  Synthesis
- Alkylation of Imines with Grignard Reagents
It was recognised that the model complexes prepared in this study might be 
exploited in other type of reactions, making use of the advantageous intramolecular
(R )-  3 .2 5 (R )-3 .26
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activation of the imine moiety by the boron Lewis acid. In a first attempt, their potential use 
in alkylation reactions of imines was studied.
Although the addition of organometallic reagents to carbonyl compounds is well- 
established, the equivalent reactions of imines and imine derivatives often present problems, 
due to their lower reactivity towards nucleophilic attack, and the potential competing 
deprotonation of enolizable imines. In addition, the imines used in these reactions are often 
limited to those derived from aromatic aldehydes because aliphatic imines are less stable, 
with low yields and selectivities being obtained for some imines, due to the potential for 
imine-enamine equilibration. Furthermore, it is often difficult to control E- vs. Z- imine 
geometry, which can often compromise the stereoselectivity of these reactions. However, 
the development of efficient methodology to carry out nucleophilic addition reactions to 
imines in a stereoselective fashion is of paramount importance, since this approach 
represents one of the most straightforward methods for the synthesis of chiral amines, 
which are present in numerous natural products and synthetic drugs, and are widely used as 
chiral auxiliaries.17'19
In order to increase the reactivity of imines towards nucleophilic attack and prevent 
side reactions derived from deprotonation of the substrates, several strategies have been 
developed:18
■ Activation of the imines by A-alkylation to produce iminium salts, or by N- 
substitution with electron-withdrawing groups, such as jV-tosyl-imines. This 
approach has the disadvantage of the requirement for extra steps for the introduction 
and removal of the activating groups, which often require harsh conditions.
■ Activation of the C=N bond by A-coordination to a Lewis acid. This approach 
can often suffer from deactivation of the Lewis acid by irreversible coordination to 
the basic nitrogen atom.20 Furthermore, the competing attack of the nucleophile at 
the Lewis acid fragment of the iminium species to produce the starting imine can 
occur.21
■ The use of more reactive organometallic reagents such as allyl organometallics, 
which can react via concerted reaction pathways.
■ The use of less basic organometallic reagents such as allylboranes, 
allylboronates, allylstannanes, alkylcoppers or alkyl cuprates, and organocerium 
reagents.
In the imine stabilised boronate complexes that have been described in this chapter, 
the existence of the N—>B coordinate bond meant that the imine moiety should be activated 
by the intramolecular boron Lewis acid, thus increasing the electrophilicity of the C=N
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bond towards nucleophilic attack. Furthermore, another important characteristic of these 
complexes was the lack of problems associated with controlling E- vs. Z- geometry of the 
imine fragment, as the intramolecular N—>B coordinate bond meant that the imine existed 
only in its E- form. Furthermore, the possibility of using both chiral diols and amines in the 
synthesis of these complexes made them potentially suitable substrates for the asymmetric 
synthesis of amines. Consequently, it was decided to attempt the addition of Grignard 
reagents to these complexes.
Reaction conditions were initially explored using the achiral complex 3.11 (Scheme 
3.11). Thus, 5 equivalents of MeMgBr (3M solution in Et2 0 ) were added to a solution of 1 
equivalent of complex 3.11 in dry THF under a nitrogen atmosphere at -78 °C, and the 
reaction mixture stirred for 5 h. The reaction mixture was then allowed to warm to room 
temperature, diluted with CHCI3 and washed with NaHCC>3 (sat.).
3.11
H 0 V ? H H
exc. MeMgBr OH' B " ~  N
dry THF Me
N2, -78  °C, 5 h
Scheme 3.11 Attempted addition of MeMgBr to the imine moiety of complex 3.11.
]H NMR analysis (300 MHz, CDCI3 ) of the resulting yellow/orange oil did not 
show the resonance at 8h 8.34 ppm corresponding to the imine proton of the starting 
material, indicating that the reaction had proceeded to completion. Furthermore, no 
resonances corresponding to the diol protecting group were observed. The presence of a 
doublet at 8 h 1.36 ppm with J  6.7 Hz integrating to three protons, and a quartet at 8 h 4.18 
ppm with J  6.7 Hz integrating to one proton, confirmed the addition of the nucleophilic 
methyl group to the imine. Two doublets integrating to one proton each at 8 h 4.37 ppm and 
4.85 ppm with Jgem 15.5 Hz were in accordance with the benzylic protons of a new 
compound. Finally, an unassigned upfield signal appearing as a singlet at 8h 0.79 ppm 
integrating to three protons was also observable in the ]H NMR spectrum. 13C NMR (75.5 
MHz, CDCI3 ) analysis confirmed the disappearance of the signal corresponding to the imine 
carbon, and showed the presence of three peaks at 8 c 19.5, 48.1, and 61.3 ppm in 
accordance with the carbon of the new methyl group, a new benzylic carbon, and the carbon 
of the methine group bearing the methyl. No other upfield carbon resonance was found to 
correlate with the upfield 3H singlet observed in the *H NMR spectrum. A really interesting
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result was obtained when the new compound was analysed by nB NMR, as a single 
resonance at 5b 45.3 ppm was observed. This indicated that the boron atom in this species 
was sp2 hybridised,22 and highly deshielded by an electron withdrawing group attached to it 
(compare with species derived from phenylboronic acid for which 5b ~ 30 ppm).
IR analysis of the new compound did not show an absorption corresponding to a 
hydroxyl group, indicating that a different group was attached to the boron atom. An 
absorption at vmax 1215 cm'1 could be assigned to a N—>B stretch. In view of this and the 
upfield signal appearing as a 3H singlet at 5H 0.79 ppm in the NMR spectrum, it was 
proposed that a second nucleophilic methyl group had attacked the boron atom, affording a 
new species 3.27a (Figure 3.9). In support of this assumption, it was found that there was 
literature precedent suggesting that alkylation of iV-boryl imines with an excess of 
organolithium or Grignard reagents occurred via initial alkylation of the boryl moiety.23 The 
absence in the 13C NMR spectrum of a peak due to a carbon directly bonded to the boron 
has also been reported in the literature.24 HRMS confirmed the formation of a molecular ion 
with mass 235.1532, which was in agreement with the mass calculated for structure 3.27a. 
In the case of 3.27a being formed, the yield of the reaction would have been 92%.
3 .27a
Figure 3.9 Proposed species formed after reaction of complex 3.11 with excess MeMgBr.
Subsequently, Dr. Susumu Arimori from the James group in related work observed 
similar results in the ]H and nB NMR analysis of the compound obtained after reaction of 
the pyrene analogue of complex 3.11 with excess MeMgBr. Fortunately, crystals suitable 
for X-ray analysis could be obtained by recrystallisation from CHCls/zi-hexane. This 
analysis confirmed the formation of the proposed structure also alkylated on the boron atom 
(see Figure 3.10).
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Figure 3.10 O R T E P  v ie w  w ith  e l l ip s o id s  d raw n a t 30%  p rob ability  le v e l o f  th e  c o m p o u n d  o b ta in e d  a fter  r e a c tio n  o f  th e  
p y r e n e  a n a lo g u e  o f  c o m p le x  3.11 w ith e x c e s s  M eM gB r.
In view of this result, it was decided to attempt the use of only 1 equivalent of 
MeMgBr as a nucleophile, in order to investigate whether a monoalkylated product 
resulting from alkylation of the imine moiety could be obtained. 'H NMR analysis of the 
crude reaction product obtained showed that alkylation had also occurred at the boron atom, 
as witnessed by the appearance of a 3H singlet at 8h 0.68 ppm. Nevertheless, the fact that 
these reactions resulted in addition of a Grignard reagent to the imine moiety was very 
promising, since it had previously been reported21 that a-aryl-imines without o-boronate 
esters could not be alkylated using MeMgBr under these conditions. Indeed, even when 
TMSOTf was used to activate the imine towards nucleophilic attack, the yield of the amine 
product produced was only 20%. This result was also observed when the addition of 
MeMgBr to a similar imine lacking the o-boronate ester moiety was attempted, which gave 





N2, -78 °C. 12 h
Scheme 3.12 U n s u c c e s s f u l  ad dition  o f  M eM gB r to  an  im in e  lack in g  an  o -b o r o n a te  e s t e r  m o ie ty .
To confirm that the N—»B coordinate bond was actually necessary for alkylation of 
the imine with MeMgBr to occur, the same addition reaction was attempted using 
compound 3.28 (provided by another member of the James group), in which the boronate 
ester moiety was in a para position with respect to the imine, thus preventing any
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intramolecular Lewis acid activation. ]H NMR spectroscopic analysis of the product 
obtained after this reaction showed the existence of several products, however, the absence
of any upfield resonance appearing as a doublet suggested that the addition of a 
nucleophilic methyl group to the imine had not occurred.
Figure 3.11 Complex used to test the importance of the N->B coordinate bond for the alkylation of the imine to occur.
A different type of test was then carried out in order to further confirm the 
importance of the intramolecular activation of the imine by the boronate ester. As has been 
well-documented, cyclic boronate esters are more Lewis acidic than their acyclic boronic
crude reaction product showed the presence of unreacted starting imine (33%), and a lower 
67% yield of 3.27a (cf. 92% yield obtained using the boronate complex 3.11).
Scheme 3.13 Addition of MeMgBr to the boronic acid analogue of boronate complex 3.11.
With this information in hand, the addition of other Grignard reagents to complex 
3.11 was carried out, in order to investigate the scope and limitation of these addition 
reactions. All the compounds obtained were fully characterised, including HRMS, and the 
results obtained are summarised in Table 3.4. As can be seen, a range of bis-alkylated 
products 3.27a-d were obtained in 74-92% yield.
3.28
acid analogues.25'28 Consequently, it was predicted that the use of complex 3.29 (Scheme 
3.13) in the nucleophilic addition of MeMgBr under the same reaction conditions would 





N2, -78  °C, 5 h
3 .29 3 .27a 3 .29
6 7  / 33  (calculated by 1H NMR)
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R
\
0H~  ̂ ^
3 .27a-d
74-92%
R = (a) Me, (b) Et, (c) i-Pr, (d) eye
Entry RMgX Compound Yield (%) 8b (ppm)
] MeMgBr 3.27a 92 45.3
2 EtMgBr 3.27b 75 46.2
3 /-PrMgCl 3.27c 78 46.1
4 cycMgCl 3.27d 74 43.4
Whilst the development of new methodology for the synthesis of products 3.27a-d 
was pleasing, the unexpected addition of 2 equivalents of Grignard reagent had resulted in 
destruction of the boronic acid functionality. It was reasoned that the use of an alternative 
nucleophile such as cyanide, which is also a good leaving group, might enable regeneration 
of the boronate ester functionality in a subsequent step (Scheme 3.14). Consequently, 






2 x  CN
CN
OH OH
Scheme 3.14 Envisaged result of the addition of cyanide to complex 3.11.
- Strecker Syntheses of a-Amino Nitriles
The Strecker synthesis of a-amino acids (Scheme 3.15), which involves treatment of 
aldehydes, with ammonia and hydrogen cyanide (or equivalents), followed by hydrolysis of 
the intermediate a-amino nitriles to provide a-amino acids, was first reported in 185029 and 
still remains one of the most powerful strategies for preparing these compounds on a 
preparative and industrial scale.30'33 The use of this reaction for the asymmetric synthesis of 




N2, -78  °C, 5 h
Table 3.4 Synthesis of bis-alkylated products 3.27a-d.
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nh2
RCHO + NH3 + HCN  JL
R CN
Scheme 3.15 Classical Strecker synthesis of a-amino acids.
An alternative strategy to this classical ‘one-pot’ reaction involves the 
hydrocyanation of pre-formed imines under anhydrous conditions assisted by Lewis acids. 
However, this approach suffers from a potential drawback associated with the instability of 
the imines themselves. Many imines are hygroscopic, unstable at high temperatures, and 
difficult to purify by distillation or column chromatography. Therefore, it is clear that the 
‘one-pot’ approach is highly desirable from a synthetic point of view. However, many 
Lewis acids cannot be used to facilitate the three-component reaction because they 
decompose or are deactivated in the presence of amines, or water that is generated during 
imine formation.
In view of all this, it was decided to attempt the in situ formation of the boronate- 
imine complexes, which in turn would react with the cyano nucleophile. By adaptation of a 
known literature procedure,34 the Strecker reactions described in Scheme 3.16 were carried 
out. However, no Strecker products were formed even when an excess of cyanide (4 equiv.) 
was used, with unreacted starting amine (S)-3.12 being isolated as one of the major products 
in most of the reactions.
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MeOH / H20  
















MeOH / H20  
(1:1 or 1: 0.1)
N2, rt, 16 h
(S)-3.13
1 or 4 equiv.
HO i-'B
h2n other productsj
Scheme 3.16 Unsuccessful attempts to carry out ‘one-pot’ Strecker syntheses of a-amino nitriles.
Following the observation of the presence of unreacted starting amine, the addition 
of cyanide to a pre-formed boronate-imine complex under anhydrous conditions was also 
attempted. Thus, the reaction between complex 3.11 and excess KCN was carried out in 
MeOH at -78 °C under a nitrogen atmosphere for 12 h. *H NMR analysis of the crude 
reaction product showed the disappearance of the resonance at 8h 8.34 ppm corresponding 
to the imine proton of the starting material, indicating that the reaction had proceeded to 
completion. Furthermore, this analysis provided some evidence of the addition of the cyano 
group to the imine moiety. Thus, the presence of two doublets at 8 h 3.91 ppm and 8h 4.01 
ppm with Jgem 12.8 Hz integrating to two protons corresponded to two new diastereotopic 
benzylic protons, indicating the formation of a stereogenic centre. A singlet at 5h 5.42 ppm 
integrating to one proton was in agreement with the proton of the methine group bearing the 
cyano group. However, the presence of several unassigned small resonances between 8 h 
4.40-5.04 ppm indicated the formation of several other species, whilst all attempts to isolate 
the desired a-amino nitrile were unsuccessful.
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- Suzuki Couplings on Azaborole 3.27a
Since the Strecker strategy proved unsuccessful, attention was next turned to 
exploring the synthetic utility of the bis-alkylated product 3.27a, by using it as a substrate 
for Suzuki couplings. The palladium-catalysed cross-coupling reaction between 
organoboron compounds and organic halides or triflates, commonly known as Suzuki 
coupling, is one of the simplest methods for the transition metal-catalysed carbon-carbon 
bond formation, especially for the formation of biaryls.35'39 Furthermore, this reaction is 
highly regio- and stereoselective, and proceeds in the presence of a broad range of 
functional groups. A general catalytic cycle for cross-coupling reactions of organometallics 
is represented in Scheme 3.17.
Reductive Elimination




Scheme 3.17 General catalytic cycle for cross-coupling reactions of organometallics.
Whilst the oxidative addition and reductive elimination steps are considered to be 
similar for all cross-coupling reactions of organometallics, the transmetallation step seems 
to be dependent on the organometallic species, as well as the reaction conditions employed. 
In the case of the Suzuki coupling, the transmetallation of organoboron reagents with 
halides and triflates was observed to occur readily in the presence of inorganic bases such as 
sodium or potassium carbonate, phosphate, hydroxide and alkoxides, which can be used as 
aqueous solutions or suspended in organic solvents. Two theories about the role of the base 
in the transmetallation process in Suzuki couplings have been proposed (Scheme 3.18). The 
first one, suggests formation of a borate complex by addition of the base to the organoboron 
compound, which undergoes rapid transmetallation to the palladium(II) halide or triflate. 
Alternatively, the transmetallation between organoboron compounds and alkoxy palladates 
formed from the palladium(II) halide or triflate in the presence the base has also been 
suggested.35'39
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X
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Scheme 3.18 Two different theories about the transmetallation process in the palladium/base-induced Suzuki coupling.
An important discovery made by Wright and co-workers was the observation that 
transmetallation of 1-alkenyl and arylboronic acids occurred rapidly in the presence of 
fluoride salts, CsF being the most efficient additive, under effectively nonbasic conditions 
in a broad range of solvents.40 This finding broadened the scope of the reaction by allowing 
the use of substrates containing base-sensitive groups. The authors hypothesised that the 
transmetallation occurred by formation of the organotrifluoroborate anion (Scheme 3.19). 
However, recent attempts to carry out Suzuki couplings with pre-formed 
organotrifluoroborate salts have generally been unsuccessful, questioning the intermediacy 
of these substrates in the Suzuki couplings carried out in the presence of fluoride salts.41,42
RPdX
Ar - F (
ArB(OH)2 + 3CsF ----------   ^ ---- - Ar—Pd(II)—R
F F
Scheme 3.19 Proposed transmetallation process occurring in the presence of 3 equivalents of CsF.
Due to the high synthetic potential of the Suzuki coupling reaction, it was decided 
to investigate whether azaboroles 3.27a-d obtained after Grignard addition reactions to 
complex 3.11 could be used as substrates for this reaction, as these species were different 
from the boron containing species that are usually employed in these reactions (1-alkenyl, 
aryl, 1-alkyl or 1-alkynylboronic acids, boronic esters, borates or borane derivatives of 9- 
BBN). Initial screenings were carried out for the Suzuki coupling between azaborole 3.27a 
and 4-iodotoluene for the formation of compound 3.30 (Scheme 3.20). The reaction was 
carried out using 4.6 mol% of Pd(PPhs)4 and CsF (5.5 equiv.) in DME and s-BuOH. Both 
reactions proved unsuccessful.
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Pd(PPh3)4 (4.6 mol%)
CsF (5.5 equiv.) 
DME or s-BuOH
N2, 100 °C (reflux), 12 h 
3.27a 3.30
1 equiv. 1.1 equiv.
S c h e m e  3 .2 0  Unsuccessful Suzuki couplings between azaborole 3 .2 7 a  and 4-iodotoluene.
In view of these results, it was proposed that the reason why these reactions did not 
work was the difficulty in breaking the B-N bond to facilitate transmetallation. 
Accordingly, it was hypothesised that the use of a solvent able to coordinate to boron might 
aid breaking the B-N bond. In order to provide evidence for this theory, some n B NMR 
experiments were carried out. When compound 3.27a was dissolved in CD3OD, n B NMR 
analysis showed the existence of two new resonances at 8b 4.0 and 13.6 ppm, in the region 
where boron sp3 species are expected to appear,22 and the lack of any signal around 8b 45.0 
ppm that was observed in CDC13, indicating the absence of species 3.27a containing a sp2 
hybridised boron atom (Figure 3.12). It was then proposed that the new species formed with 
a 8b 13.6 ppm was a compound containing a sp3 hybridised boron atom with one methoxy 
ligand, whilst the species showing a resonance at 8B4.0 ppm, could contain a sp3 hybridised 
boron atom formed by addition of 2 molecules of MeOH to the boron atom (Figure 3.12). In 
view of this, the Suzuki coupling between compound 3.27a and 4-iodotoluene was carried 
out in the presence of MeOH, using 4.6 mol% of Pd(PPh3 ) 4  and 5.5 equivalents of CsF, 
which resulted in the formation of compound 3.30 in approximately 50% yield (Scheme 
3.21).
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MeC  ̂ OMe 
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Pd(PPh3)4 (4.6 mol%)
C sF (5.5 equiv.)
M eO H /T H F (1:1)
N2i 100 °C (reflux), 5 h
3.27a  3.30
1 equiv. 1.1 equiv. - 5 0 %
S c h e m e  3 .2 1  S u c c e s s f u l  S u z u k i co u p lin g  b e tw e e n  a z a b o r o le  3 .2 7 a  a n d  4 - io d o to lu e n e  carried  ou t in a  s o lv e n t  s y s t e m  o f
1:1 M eO H /T H F .
Purification of compound 3.30 from this reaction was problematic, and as a 
consequence, it could not be isolated in pure form. Therefore, an independent synthesis of 
compound 3.30 was carried out in order to confirm its structural identity (Scheme 3.22). 
Thus, Suzuki coupling of 2-formylphenylboronic acid 3.9 with 4-iodotoluene to produce 
compound 3.31, followed by formation of imine 3.32 and addition of MeLi resulted in 
compound 3.30, which was identical to that obtained from the Suzuki reaction depicted in 
Scheme 3.21.
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H O . .O H
CHO Pd(P P h3)4
C sF  
DME 




CHO dry THF 





dry tolu en e  




Scheme 3.22 Alternative synthesis of compound 3.30 for comparison to the same compound obtained by a Suzuki 
coupling.
Thus, it seemed that the introduction of alkoxide groups attached to boron was 
necessary for this class of Suzuki reaction to proceed. In order to verify this hypothesis, the 
unsuccessful Suzuki coupling between 3 .2 7 a  and 4-iodotoluene in DME using CsF was 
repeated in the presence 2M Na2C0 3 /Na0 H (Scheme 3.23). This time, the formation of 
3 .3 0  in approximately 75%  yield was observed. This result was in agreement with the 
observations made by Fu and co-workers41 and by Batey and Quach42 of the need of 
tetracoordinate boron species containing one or more hydroxyl groups for transmetallation 
to occur in the Suzuki couplings carried out using organotrifluoroborate salts.
\
3 .2 7 a
1 equiv.
Pd(PP h3)4 (11 mol%)
d m !  "
1) 2M N a2C 0 3 
N2, 100 °C (reflux), 5  h
2) NaOH
N2, rt, 12 h 
1.1 equiv. 3) C sF  (3 .9  equiv.)
N2, 100 °C (reflux), 5 h
~  75%
Scheme 3.23 Successful Suzuki coupling between 3.27a and 4-iodotoluene carried out in DME in the presence of 2M 
NazCOs/NaOH/CsF.
Therefore, conditions have been established for a new class of Suzuki reaction using 
azaboroles as substrates for aryl-aryl coupling reactions.
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3 .4  Conclusions
This chapter has demonstrated that stable boronates containing an intramolecular 
N—>B coordinate bond can be easily prepared. Of special significance is the ability to 
synthesise stable BINOL-boronates of this type, due to the instability normally shown by 
this type of complex. These BINOL-boronates did not undergo formal aza-Diels-Alder 
reactions with Danishefsky’s diene, which calls into question the intermediacy of BINOL- 
boron-imine complexes in these reactions.
The ability to use this type of boronate as substrates for Grignard additions exploiting 
the advantageous intramolecular Lewis acid activation of the imine moiety has been 
demonstrated, and Suzuki couplings of the resultant adducts carried out. Optimisation 
studies are currently underway within the Bull and James groups in order to identify 
suitable conditions to carry out asymmetric versions of these reactions.
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4  A New Chiral Derivatising Agent for Determination of the 
Enantiomeric Excess of Primary Amines, Including those 
Containing Remote Stereocentres
4.1 Sum m ary of th e  C hap ter
This chapter starts with a brief description of the different strategies that exist for 
determining the enantiomeric excess of chiral compounds by NMR spectroscopy. An 
overview of different reagents that have proven successful in the detection of remotely 
disposed stereocentres then follows. The chapter subsequently describes the discovery of 
the usefulness of BINOL-boronates containing an intramolecular imino N—»B coordinate 
bond for the determination of the enantiomeric excess of primary amines. Of special 
relevance is the challenging ability of these complexes to detect remote stereocentres. 
Finally, the potential use of this type of boronate in the determination of the enantiomeric 
excess of chiral diols is demonstrated.
4 .2  The D eterm ination of Enantiom eric Excess by NMR Spectroscopy
The emerging importance of asymmetric synthesis has led to the development of 
several methods to determine the enantiomeric excess of chiral compounds.1'5 Among these, 
methods based on NMR spectroscopy continue to attract great interest due to the ease and 
practicality of the methodology, and the general availability of NMR spectrometers.6'12 The 
basis of the method relies on the transformation of the enantiomeric mixture under analysis 
into a mixture of diastereomers, which then may show nonequivalent resonances for 
specific nuclei. If these resonances are sufficiently well-resolved, they can be accurately 
integrated, with this integration revealing the diastereomeric composition of the mixture and 
hence, the enantiomeric composition of the original substrate. Three main types of reagent 
have been used in this context:
■ Chiral solvents or chiral solvating agents (CSAs), which form transient 
diastereomeric complexes with the enantiomeric mixture under analysis by 
noncovalent intermolecular interactions. Hydrogen-bonding interactions are the 
most common approach, although other types of interaction can also occur. The 
diastereomeric complexes formed in this way are in equilibrium with the 
uncomplexed enantiomeric substrates. The nonequivalent signals observed in the 
NMR spectra arise from the diastereomeric nature of the new complexes formed,
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and also from the different stability of these complexes with respect to the 
uncomplexed substrates. The main advantage of this strategy is its simplicity, whilst 
racemisation or kinetic resolution occur only rarely. The main drawback of this 
approach is that the chemical shift differences observed are often too small to 
permit an accurate determination of the enantiomeric excess, whilst only those 
nuclei that are close to the stereogenic centres show nonequivalent signals. Some 




TFAE: 2,2,2-trifluoro-1 -(9-anthryl)ethanol 
Figure 4.1 Some examples of compounds used as chiral solvating agents.
OH
(R )-m andelic acid
■ Chiral shift reagents (CSRs). These reagents are usually formed by reaction of a 
metal ion of the lanthanide series (most commonly Eu3+, Pr3+, or Yb3+) with (3- 
diketones (in their enolic form). In a similar way as CSAs, CSRs form short-lived 
diastereomeric complexes by interaction of the lanthanide metal with compounds 
containing electron-donating groups, which are in rapid equilibrium with the 
uncomplexed substrates. This complexation results in different nuclei of the 
substrate being shifted (upfield or downfield) to different extents depending mainly 
on their distance to the site of interaction. The use of these reagents usually results 
in larger chemical shifts differences than when CSAs are used. However, an 
important drawback of the use of CSRs is the signal broadening often observed 
caused by the paramagnetism of the metal, which is more significant at higher 
magnetic fields. Some of the most common CSRs are represented in Figure 4.2.
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tfc: trifluorohydroxym ethylene-d-cam phorato 
hfc: heptafluorohydroxym ethylene-d-cam phorato
Figure 4.2 Examples of common chiral shift reagents.
■ Chiral derivatising agents (CDAs). Unlike the previous examples, this approach 
relies on the formation of long-lived diastereomeric complexes by reaction of the 
enantiomeric mixture under analysis with an enantiomerically pure compound. 
These complexes can be covalent derivatives or diastereomeric salts. The chemical 
shift differences observed when using CDAs are generally much larger than the 
ones observed with CSAs. Furthermore, when using CDAs it is generally easier to 
develop models to account for the chemical shift patterns observed, which can be 
used to predict the absolute configuration of the substrate under analysis. The 
limitations of this approach are the need for using enantiomerically pure 
derivatising agents,* and the possibility of kinetic resolution and racemisation 
during the derivatisation process. Nevertheless, this approach continues to be the 
most widely used NMR method for determination of enantiomeric excess. Two of 
the most commonly used CDAs are represented in Figure 4.3. Mosher’s reagent, a- 
methoxy-a-trifluoromethyl-phenylacetic acid (MTPA) (or its acid chloride), was 
introduced in 1969, and is still the most popular CDA currently employed.
(ft)-MTPA (ft)-M PA
MTPA: a-m ethoxy-a-trifluorom ethylphenylacetic acid (M osher's reagent) 
MPA: a-m eth oxyp henylacetic  acid
Figure 4.3 Two of the most common chiral derivatising agents.
* E xceptions to this requirem ent h ave b een  published.13,14
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4 .3  Chiral Derivatising A gents for D eterm ination of th e  Enantiom eric 
Excess of Com pounds Containing R em ote S te re o c e n tre s  by NMR 
Spectroscopy
Mosher’s reagent was introduced in 1969 as an alternative CD A for determination 
of the enantiomeric excess of chiral amines and alcohols, after the observation of 
epimerisation at the a-carbon of the acid moiety during ester formation between some 
hindered secondary carbinols and a-methoxyphenylacetic acid (MPA) . 15 Apart from its 
stability towards racemisation due to the absence of hydrogens a to the carboxy group, 
Mosher’s reagent offered the additional possibility of determining the enantiomeric purity 
of a sample by 19F NMR analysis. This is usually the method of choice due to the absence 
of overlapping signals that often occurs in the ]H NMR spectrum of these complexes. The 
chemical shift differences observed for the diastereomeric complexes formed using this 
reagent are usually in the range of 0.1-0.2 ppm in !H NMR (CDCI3 , rt), and 0.3-0.7 ppm in 
19F NMR, for simple alcohols and amines.9 However, there have been a number of 
examples where this reagent has proven unsuccessful in providing an accurate 
determination of the enantiomeric purity of a sample.9,16 This is due to unsatisfactory 
reactivity towards sterically demanding substrates, or the small chemical shift differences 
induced, especially for compounds containing remote stereocentres.
The chemical shift differences observed when using Mosher’s reagent as a CDA 
were attributed to steric effects, and electronic effects through space, more specifically, due 
to the shielding effect produced by the aromatic ring current over nuclei in close 
proximity. 17 Taking these facts into account, subsequent efforts aimed at developing 
alternative CDAs suitable for determination of the enantiomeric excess of compounds 
containing remote stereocentres have been focused on incorporating different aromatic 
systems displaying anisotropic effects over larger distances. Alternatively, research has also 
been concentrated on the design of CDAs that afford conformationally rigid complexes in 
solution. This last design element aims to increase the chemical shift differences observed 
between resonances corresponding to two diastereomeric complexes, which are an averaged 
value of all those observed for the different conformers available in solution. Some of the 
examples found in the literature which exhibited anisotropic effects over long distances 
relative to the site of attachment of the CDA, or to the observing nucleus, are depicted in 
Figure 4.4.16-18'20
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7S e  (A 8S e =  10 Hz*) C D C I3
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1H (A 8 H = 0 .02  ppm) CDCI3
nonequivalence observed  at the nucleus  
indicated by the arrow
31P (A 8 P = 0 .070  ppm) CD3CN
5]HELOL chlorophosphite 
(prepared in 9 step s)
CFPA: a-cyano-a-fluorophenylacetic acid [5]HELOL: bis[5]helicene diol
* The value in ppm is not provided a s  no information about the m agnetic field used  for this m easurem ent w as given in the paper.18 
F ig u r e  4 .4  C hiral d er iv a tis in g  a g e n t s  a b le  to  d e t e c t  re m o te ly  d is p o s e d  s t e r e o c e n t r e s
Although these reagents have proven successful in detecting remote stereocentres, 
as illustrated in Figure 4.4, in only one case was 'H NMR analysis used to determine the 
enantiomeric excess of the substrates under analysis. Furthermore, none of the CDAs 
employed are commercially available, and several steps and extensive purification of 
intermediates are required to synthesise these reagents in enantiomerically pure form.1621'23 
Finally, when using (R,S)~4.1 and (S)-4.2 as CDAs, the diastereomers formed on
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derivatisation needed to be purified by flash chromatography before analysing the 
diastereomeric composition by NMR. Consequently, further improvements are still required 
in this area.
4 .4  R esults and Discussion
4.4.1 Determination o f  the Enantiomeric Excess o f  Primary Amines with a 
Stereogenic Centre at their a-Positions
After the successful synthesis of the BINOL-boronate complexes described in the 
previous chapter, it was envisaged that the intramolecular N—>B coordinate bond of these 
complexes might enable their use as CDAs for determining the enantiomeric excess of 
chiral amines. Consequently, a reaction for the formation of diastereomeric BINOL- 
boronates of this type was carried out by simply mixing equimolar amounts of (rac)- 
BINOL, 2-formylphenylboronic acid and (£)-l-phenylethylamine 4.3 in dry THF (Scheme 
4.1). The ]H NMR spectrum of the crude solid obtained in CDCI3 showed two well- 
separated signals of the same intensity corresponding to the methyl and methine protons of 
the chiral amine moiety, and the imine proton, of each of the two diastereomeric complexes 
(R,S)-4.4a and (S,S)-4Ab. An identical ’H NMR spectrum was obtained when the 
complexes were prepared using racemic amine (rac)-43 and (R)-BINOL. These spectra 
were then compared with the !H NMR spectra of (R,S)-4.4a and (S,S)-4.4b individually 
prepared from (R)- and (S)-BINOL respectively and amine (5)-4.3, confirming that both 
diastereomeric complexes were formed in the reaction using (rac)-BINOL and (»S)-4.3. 
Thus, this observation indicated that these complexes could be used as CDAs to determine 
the enantiomeric excess of amines, and also of BINOL.
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(S ,S )-4 .4 b
Scheme 4.1 Synthesis of diastereomeric BINOL-boronate complexes using (rac)-BINOL, 2-formylphenylboronic acid 
and (S)-4.3.
After this promising result, other reaction conditions were screened in order to 
increase the practicality of the method. In a first attempt, it was decided to carry out the 
reaction in CDCI3 , in order to be able to analyse the result directly by ]H NMR 
spectroscopy without the need to evaporate any solvent. This time, activated 4 A molecular 
sieves (beads) were used, and a slight excess of (<S)-BINOL and 2-formylphenylboronic acid 
(1.1 equiv.) employed, in order to ensure that all the racemic 1-phenylethylamine was 
derivatised. A sample of the reaction mixture was taken after 30 minutes and analysed by 
]H NMR spectroscopy, the spectrum of which indicated that the reaction had proceeded to 
completion. This demonstrated that the diastereomeric derivatives were formed almost 
instantaneously upon mixing all the reagents in CDCI3 . Importantly, the integral intensities 
of both diastereomers were found to be identical, indicating that no kinetic resolution was 
occurring (Figure 4.5).
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HC=N
/
1 u* J. V J , . /
(S,R)-4.4a
CHI
OH groups of 
e x c e s s  (S)-BINOL
(S,S)-4.4b
CHMe
.0 7 .5  7 .0  6 .5  6 .0  5 .5  5 .0  4 .5  4 .0  3 .5  3 .0  2 .5  2 .0  ppm
Figure 4.5 1H NMR spectrum of an aliquot of the reaction mixture of (S)-BINOL, 2-formylphenylboronic acid and (rac)- 
4.3 in CDCI3 taken after a reaction time of 30 minutes.
Excited by this result, other racemic amines containing a stereogenic centre at their ex­
positions were then analysed. This was achieved by simply mixing the racemic amine with 
1.1 equivalents of (5)-BINOL and 1 -formylphenylboronic acid in CDC13 in the presence of 
4 A molecular sieves, before taking an aliquot for 'H NMR spectroscopic analysis. The 
results obtained are summarised in Table 4.1. In each case, the resonances corresponding to 
each diastereomer in the mixture were assigned by comparison with the 'H NMR spectra of 
diastereomerically pure complexes prepared independently via reaction of enantiomerically 
pure amine with (R)- and (5)-BINOL respectively.
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Table 4.1 Chemical shift differences (A5) in the 1H NMR spectra (CDCU, rt, 300 MHz) of the diastereomers formed by 
derivatisation of racemic primary amines with a stereogenic centre at their a-positions.f
A
Entry Amine
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* A negative value indicates that the resonance corresponding to the complex derived from the (S)-amine is more deshielded 
than the one derived from the (R)-amine.b The quartet corresponding to the methine proton of the complex derived from the 
(S)-amine overlaps with the resonance corresponding to the hydroxyl groups of excess (S)-BINOL; these signals do not overlap 
after addition of 5 mol% of acetone to the NMR tube.0 The quartet corresponding to the methine proton of the complex derived 
from the (R)-amine overlaps with the resonance corresponding to the hydroxyl groups of excess (S)-BINOL.d Although a field 
of 300 MHz clearly resolves the signals corresponding to the two different diastereomers, for a more accurate result a field of 
400 MHz should be used.
Analysis of these results reveals that in all of the examples studied several 
characteristic baseline resolved resonances could be compared for the potential 
determination of enantiomeric excess by ]H NMR spectroscopy in CDCI3 . Furthermore, 
comparing the A8 values of the a-methyl substituted aromatic amines (entries 1, 2 and 6), it
f S e e  appendix for th e  1H NMR spectra of th e s e  com p lexes.
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can be seen that the values obtained were similar in magnitude, and that the sign of the 
observed chemical shift differences for equivalent resonances was also the same. This 
suggests that these complexes can be used to determine the absolute configuration of this 
class of amine.24 Importantly, nonequivalence was also observed for resonances of protons 
that were remote from the point of attachment of the amine to the CDA (entries 3, 4, 5 and 
6), with a clear distinction for l-(4-methoxyphenyl)ethylamine of its diastereomeric 
methoxy resonances positioned seven bonds away from the point of attachment [entry 6, 
protons (E)]. This exciting observation suggested that the developed CDA might be useful 
for the detection of remotely disposed stereogenic centres.
4.4.2 Determining the Detection Limit o f  the Chiral Derivatising Agent
Before attempting the use of other amines with stereogenic centres at longer 
distances from the point of attachment to the CDA, the detection limit of the new CDA in 
determining the enantiomeric excess of mixtures of enantiomers was investigated. For this 
purpose, three samples of (/?)-l-phenylethylamine (i?)-4.3 of different enantiomeric purities 
(80%, 90% and 98% ee respectively) were prepared, and derivatised by reaction with (S)- 
BINOL and 2-formylphenylboronic acid. The ]H NMR spectra of the complexes formed are 
depicted in Figure 4.6. As shown, the minor diastereomer could be detected even for the 
sample of amine with 98% ee, and the calculated des were in excellent agreement* with the 
known enantiomeric purity of the amine (calculated from the amounts of (R)- and (S)-4.3 
used for the preparation of the samples with the corresponding enantiopurity). Thus, the 
values of 80% and 90% de corresponded exactly to the known enantiomeric purity of the 
starting amine, whilst the value of 97% de was only marginally different than the 98% ee of 
amine used for derivatisation, however, still within the experimental error.
* T he accep ted  experim ental error in the determination o f th e enantiom eric e x c e s s  by NMR is 2-5% .20'25,26,27'28
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(S,S)-4.4b(S,R)-4.4a
CHMe
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Continued...
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CHMe
8 .0  7 .5  7 .0  6 .5  6 .0  5 .5  5 .0  4 .5  4 .0  3 .5  3 .0  2 .5  2 .0  ppm
g £  97% de 97% de S I S
0.0 | t -  | o
I I o  I ] co 11 o  I
Figure 4.6 'H NMR spectra and integrals of the resonances used to calculate the de of the complexes formed when 
reacted (S)-BINOL (1.1 equiv.), 2-formylphenylboronic acid (1.1 equiv.) and (a) (R)-l-phenylethylamine with 80% ee, (b) 
(R)-1-phenylethylamine with 90% ee, and (c) (R)-l-phenylethylamine with 98% ee.
The suitability of the new CDA for determining the enantiomeric excess of mixtures 
with high enantiomeric excesses was further confirmed by derivatising enantiopure amines 
4.7, 4.9 and 4.13 with (S)-BINOL of 90% ee. In each case, the des calculated from the 'H 
NMR spectroscopic analyses were within a 5% error (see Table 4.2). Conversely, these 
results also suggested that this type of complex would be useful to determine the 
enantiomeric excess of BINOL.
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Table 4.2 Comparison between the known and the calculated ee (%) of (S)-BINOL using BINOL-boronates formed from 
different enantiopure amines and 2-formylphenylboronic acid.
Entry Amine Known ee of BINOL(%)a
Calculated ee (%) 
(proton used for 
calculation)
l
D--- ► Me H ---C
F —-  Mê  XX ^ nh2






D--- - Me. H
E —► MeCX JX,NH2
(S)-4.9
90










90 (A ) 
87 (C) 
90 (E)
* Calculated from the amounts of (S)- and (R)-BINOL used for the preparation of the samples with the corresponding enantio- 
purity.
4.4.3 X-ray Crystal Structures o f  Both Diastereomeric Complexes o f  1- 
Phenylethylamine
It was then reasoned that the rigidity of the boronate complexes formed conferred 
by the presence of the N—>B coordinate bond might result in the diastereomeric complexes 
exhibiting a similar conformation in solution as in the solid state. Consequently, X-ray 
analysis of the structures of the two diastereomeric complexes formed by derivatisation of 
an amine in the solid state might reveal the origin of the nonequivalence observed in their 
’H NMR spectra. Crystals suitable for X-ray analysis could be obtained for complexes 
(5',i?)-4.4a and (S,S)-4.4b by recrystallisation from CHCh/w-hexane (Figure 4.7). As can be 
seen, in the case of (S,S)-4.4b, its methyl group occupies a region under the shielding effect 
of the ring current of the top naphthyl moiety of (£)-BINOL, while in (£',Z?)-4.4a the methyl 
group occupies an unshielded region. Consequently, the methyl group of (S,R)-4.4sl should 
appear more deshielded than the one in (S,S)-4.4b in the *H NMR spectrum, which is in 
accordance with the observed result (vide supra). However, these structures clearly do not 
provide an explanation for the nonequivalence observed for the imine proton in the ]H 
NMR spectrum of these diastereomeric complexes.
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Figure 4.7 ORTEP view of (S,R)-4.4a and (S,S)-4.4b with ellipsoids drawn at 30% probability level.
4.4.4 Determination o f  the Enantiomeric Excess o f  Primary Amines with Remote 
Stereocentres
The results obtained demonstrated the suitability of the synthesised BINOL- 
boronate complexes for determination of the enantiomeric excess of primary amines with a 
stereogenic centre at their a-positions. Due to the observation of the nonequivalence of 
resonances of groups disposed at remote positions from the point of attachment of the 
amine to the CDA, the next step was to investigate the use of amines with remote 
stereogenic centres. The results obtained are summarised in Table 4.3.
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Table 4.3 Chemical shift differences (A6) in the 1H NMR spectra (CDCI3l rt, 300 MHz) of the diastereomers formed by 


















0.30 (C )  
-0.11 (D) 
0.40 (E)
MeO y  v  'NH, 






0.03 ( D f
* A negative value indicates that the resonance corresponding to the complex derived from the (S)-amine is more deshielded 
than the one derived from the (R)-amine.b Absolute value, as it could not be ascertained unequivocally as to which diastereo- 
mer each resonance corresponded.c This amine was synthesised by another member of the Bull group as its HCI salt, and 
CS2CO3 was added to the reaction to form the free amine in situ.d Nonequivalence was clearly observed although the two sig­
nals were not baseline resolved. * These are absolute values, as the two different diastereomers could not be prepared due to 
the unavailability of enantiomerically pure amines of this type.
As Table 4.3 shows, the new CDA was able to detect stereogenic centres at 
positions up to five bonds away from the point of attachment to the CDA, and most 
impressively, to simultaneously distinguish between H, Me and Et substituents at remote 
positions using CDCI3 as a solvent, and a magnetic field of 300 MHz (entry 4, Table 4.3). 
Furthermore, two different resonances were also observed for the terminal methyl group of 
the ethyl substituent of amine (rac)-4.21, which were partially resolved when a magnetic 
field of 500 MHz was employed (Figure 4.8).
5 S e e  appendix for the 1H NMR spectra of th e s e  com p lexes.
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1 1 I I I I I I —|-----1--- 1— i—
0.80 ppm  0.84 0.82 0 .80 0 .78 0 .76 ppm  0.90
Run at the University 
of Oxford
Figure 4.8 Effect of the use of different magnetic fields on the separation of the resonances corresponding to the 
diastereom eric terminal methyl groups of the ethyl substituent of the complexes derived from amine (rac)-4.21.
300 MHz 400 MHz 500 MHz
In the case of amine (rac)-4.19 (entry 3, Table 4.3), the established standard 
conditions for the analysis (CDCI3  and 300 MHz) showed nonequivalence for the 
diastereomeric resonances corresponding to the methyl groups at the stereogenic centre 
(protons C), although they could not be baseline resolved. However, simply changing the 
NMR solvent to (CDs^CO resulted not only in the nonequivalence of the stereogenic 
methyl group, but also resolved the methyl groups of the ester moiety, which are seven 
bonds away from the point of attachment of the amine to the CDA. (Figure 4.9).
CDCI3  (CD3 )2 CO
C 0 2Me CHM e C 0 2Me CHM e
3.38 3.37 ppm3.59 3.58 ppm 0.76 0.74 0.72 ppm0.96 0.94 ppm
Figure 4.9 Effect of the use of different solvents on the separation of the resonances corresponding to the 
diastereom eric resonances of the complexes derived from amine (rac)-4.19
With these results in hand, it was then decided to investigate further the scope and 
limitation of the new CDA to detect remotely disposed stereogenic centres. As amines 
containing stereogenic centres at remote positions were not commercially available, an 
alternative study was carried out investigating nonequivalence at remote positions by using
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racemic amines containing long alkyl chains with stereogenic centres at their a-positions. 
Thus, (rac)-1 -methylheptylamine (rac)-4.23 and (rac)-1 -methyldecylamine (rac)-4.24 were 
derivatised in the usual manner to afford diastereomeric complexes (5',i?)-4.25a/(1S',<S)-4.25b 
and (5',^)-4.26a/(iS,<S)-4.26b respectively. Although the resonances corresponding to the 
terminal methyl groups of the linear chains overlapped with resonances corresponding to 
methylene groups of the long alkyl chains, the two diastereomeric triplets could be clearly 
observed, and were extraordinarily well separated in both cases (Figure 4.10). The identity 
of these resonances was unequivocally confirmed by comparison with the NMR spectra 
of the diastereomeric complexes (R,S)-4.25a and (S,S)-4.25b prepared independently by 
treatment of (S)-1 -methylheptylamine with 2-formylphenylboronic acid and either (R)- or 
0S>BINOL.
Even more remarkably, I3C and PENDANT NMR spectroscopic analyses of the 
mixture of diastereomeric complexes derived from either racemic amine revealed pairs of 
well resolved resonances of the same intensity corresponding to each non-aromatic carbon 
(Figure 4.11). Thus, whilst 13C NMR spectroscopic analysis is not as established as ]H 
NMR for determining the enantiomeric excess of chiral compounds,29'31 in this case it 
represents a very powerful tool for enantiomeric excess determination.
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X-ray analysis was carried out on crystals of complex (i?,S)-4.25a obtained by 
recrystallisation from CHC^/w-hexane, with the aim of observing the origin of the 
nonequivalence observed by ’H NMR spectroscopic analysis for the terminal methyl group 
of the alkyl linear chain. As depicted in Figure 4.12, the alkyl linear chain in the complex 
appears extended, which does not account for the nonequivalence observed. However, 
similar long-range anisotropic effects produced by a naphthyl group have been observed by 
Kusumi and co-workers for esters of long-chain aliphatic alcohols when 2 -naphthyl- 
methoxyacetic acid (2-NMA) was used as a chiral anisotropic reagent for determination of 





(R ,S )- 4 .25a
Figure 4.12 O R T E P  v ie w  o f  (R,S)-4.25a w ith e l l ip s o id s  d raw n  at 3 0 %  p rob ab ility  le v e l.
.OMe
(R )-2-NMA(S)-2-NMA
anisotropic effect observed ('■ 
in this position ! 2-NMA
Me' Me
anisotropic effect observed  
in this position
X: 0 -C 0 -C H -0 M e
2-NMA: 2-naphthylm ethoxyacetic acid
Figure 4.13 U s e  o f  2-N M A  a s  ch iral a n is o tr o p ic  r e a g e n t  for d e term in a tio n  o f  th e  a b s o lu te  co n fig u ra tio n  o f  1 0 -  
n o n a c o s a n o l  (g in n o l).
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NOESY studies were subsequently carried out on complexes (R,S)~4.25a and (S,S)- 
4.25b in an attempt to determine their conformation in solution. These studies showed that 
the alkyl linear chain was also extended in solution, with no cross-peaks observed between 
the terminal methyl group of the linear chain and any aromatic proton. This could indicate 
that the nonequivalence observed for this group could be due to intermolecular associations 
between complexes, and this possibility is currently being investigated within the Bull and 
James groups.
However, the coupling of the methine proton at the a-position to the nitrogen, and 
one of the methylene protons at the (3-position to the nitrogen, with both the imine proton 
and the proton in the 3’-position of the proximal binaphthyl moiety** suggested the 
coexistence of several interconverting conformations in solution (see Figure 4.14 and 
NOESY spectra in the appendix). These experiments therefore also confirmed the proximity 
between the jV-substituents and the proximal binaphthyl moiety in these complexes. 
Furthermore, the existence of extra cross-peaks between aromatic protons and a number of 
methylene groups in complex (SyS)-4.25b also helps to explain the nonequivalence between 
the two diastereomeric complexes observed in their ' HNMR spectra.
Me-
(S ,S )-4 .25b
Me-
v  y
Figure 4 .1 4  S e le c te d  N O E s o b s e rv e d  in th e  N O E SY  s p e c tra  of c o m p le x e s  (R ,S )-4 .2 5 a  a n d  (S ,S )-4 .2 5 b .
4.4.5 Preliminary Study: Determination o f the Enantiomeric Excess o f  Chiral 
Diols
While performing the preliminary studies described in Chapter 3, it was observed 
that the 'H NMR spectra of the two diastereomeric complexes (S,S,R)-4.27a and (R,R,R)- 
4.28b derived from (/?)-l-phenylethylamine and dimethyl D- and L-tartrate respectively, 
exhibited nonequivalence for several diastereotopic protons. Of special relevance were the 
large chemical shift differences observed for the resonances corresponding to the imine
* ♦
The identity o f th ese  re son an ces  w as elucidated with the aid of HMBC and HMQC NMR experim ents.
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Figure 4.15 1H NMR s p e c t r a  o f  c o m p le x e s  (S,S,f?)-4.27a a n d  (R,f?,R)-4.27b fo r m e d  b y  r e a c t io n  o f  2- 
fo rm y lp h e n y lb o r o n ic  a c id  a n d  ( R ) - l - p h e n y le th y la m in e  w ith  (a) d im e th y l D - ta r tra te , a n d  (b ) d im e th y l L - ta r tra te  in THF.
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This observation demonstrates that this type of boronate complexes may be used for 
determination of the enantiomeric excess of diols, due to the proximity of the chiral amine 
to the diol moiety (see Figure 3.5 on page 89). This discovery is important due to the lack of 
commercially available CDAs that are suitable for calculation of the enantiomeric excess of 
diols, which are very important synthetic intermediates, and easily accessible from the 
enantioselective dihydroxylation of alkenes,34 or the hydrolysis of chiral epoxides. 
Commonly, the enantiomeric excess of diols has been determined by conversion to their 
bis-Mosher’s esters. Nevertheless, this approach suffers from several drawbacks such as 
potential kinetic resolution, the possible formation of the monoester, and the increase in 
error in the determination of the enantiomeric excess by the use of two molecules of a CDA 
that might not be enantiomerically pure. A review of the literature reveals that only four 
examples of CDAs specifically designed for the determination of the enantiomeric excess of
Oft in  “1 7







cam phanylboronic acid m enthyldichlorophosphate  
Figure 4.16 Reported CDAs for diols.
B(OH)2





All of these reagents employ a strategy in which both hydroxyl functionalities of the 
diol are derivatised, and while all are available in enantiomerically pure form, all require 
several steps for their preparation. More specifically, in the case of camphanylboronic 
acid,30 only 13C NMR spectroscopic analysis showed nonequivalence of diastereomeric 
signals, which is not a particularly sensitive technique for enantiomeric excess 
determination. Likewise, menthyldichlorophosphate proved to be useful only for 
determination of the enantiomeric excess by 31P NMR spectroscopy, and solely for 
symmetrical diols.36 This CDA also required heating at 60 °C to form the desired 
complexes. Finally, in the case of (/?)-2-(l-methoxyethyl)phenyl boronic acid, although 
easily accessible ]H NMR spectroscopy was used for analysis, the chemical shift 
differences observed between diastereotopic signals were low (0.005-0.02 ppm).35 Chemical 
shift differences observed in ]H NMR were increased by one order of magnitude by using 
(£)-N-acetylphenylglycineboronic acid as a CDA.28
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It may be concluded therefore that there is still significant demand for further 
improvement in this area. The easy preparation (in just one step) of enantiomerically pure 
chiral boronates containing an intramolecular imino N—>B coordinate bond, and the large 
chemical differences of around 0.3-0.4 ppm observed for complexes (S,S,R)-4.27a and 
(R,R,R)~4.27b, would indicate that this type of complex is likely to be suitable for the 
determination of the enantiomeric excess of other syn- and anti-diols. Research towards this 
aim is currently ongoing in the Bull and James groups, with particular interest into devising 
chiral CDAs for determining the enantiomeric excess of non-symmetrical diols.
4 .5  Conclusions
The results presented in this chapter have demonstrated the suitability of BINOL- 
boronate complexes containing an intramolecular N—>B coordinate bond as CDAs for the 
determination of the enantiomeric excess of a-substituted primary amines, as well as of 
more challenging primary amines containing remote stereocentres by ]H NMR 
spectroscopic analysis. The use of this type of complex for the determination of the 
enantiomeric excess of chiral diols has also been proposed.
The advantages of this new type of CDA are as follows:
■ The simplicity of the procedure: the CDA is formed in situ in CDCI3 , and the
derivatisation occurs after a short period of time and can be performed on the open
bench.
■ More than one series of resonances can always be used for the accurate 
determination of the enantiomeric excess of a given compound by easily accessible 
!H NMR spectroscopy using a 300 MHz magnetic field. Nonequivalence suitable 
for integration is also observed in 13C NMR spectroscopy, providing another 
potential technique for determination of the enantiomeric excess.
■ No purification of the complexes formed is needed before direct ]U NMR 
spectroscopic analysis, due to the absence of resonances derived from excess 
reagents used for the derivatisation in the 1-6 ppm region of the ’H NMR 
spectrum.
■ The starting materials needed to form the CDA are commercially available, 
cheap, and BINOL is available in both enantiomeric forms.
■ The CDA has the potential to be used for determining the enantiomeric excess 
of amines containing remote stereocentres.
n  A re so n a n ce  d u e  to the hydroxyl groups of e x c e s s  BINOL can appear in th is region at ~5 ppm.
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Given these features, it can be concluded that this new BINOL-boronate CDA has 
significant advantages over commonly used Mosher’s acid chloride for determining the 
enantiomeric excess of chiral primary amines, since the latter reagent is very expensive and 
moisture sensitive, and often requires !H and 19F NMR experiments of derived amides to be 
run.
With this new CDA in hand, it was decided to test its applicability for determining 
the enantiomeric excess of chiral compounds containing a primary amino group produced 
using some new asymmetric methodology. Towards this end, the use of the developed 
BINOL-boronate CDA to determine the enantiomeric excess of a series of a-arylglycine 
methyl esters that were synthesised using some novel and highly practical asymmetric 
Strecker methodology, is described in the final chapter.
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5 A Highly Practical Three-Component Asymmetric Strecker 
Synthesis of a-Arylglycines
5.1 Sum m ary of th e  C hap ter
This final chapter begins with an overview of different strategies reported in the 
literature for the asymmetric Strecker synthesis of a-arylgycines, paying particular attention 
to those employing chiral auxiliaries. Subsequently, the attempts to use the developed 
BINOL-boronate CDA for determining the enantiomeric excess of a-amino acids are 
described. Whilst derivatisation of a-amino acids as their hydrochloride salts using NEt3 as 
a base afforded diastereomeric complexes that were well resolved in their JH NMR spectra, 
large resonances corresponding to EtsN.HCl were also observed. Due to these unwanted 
peaks, and concerns about the heterogeneous nature of the reaction, attention was turned to 
the use of the new BINOL-boronate CDA for determining the enantiomeric excess of a- 
amino esters. In this case, the use of a-amino esters as their hydrochloride salts and CS2CO3 
as a base to generate the free a-amino esters in situ, proved successful in providing a simple 
method for determining the enantiomeric purity of this species. This methodology was then 
applied to the determination of the enantiomeric excess of (S)-a-arylglycine methyl ester 
hydrochorides, produced by means of a new highly practical three-component asymmetric 
Strecker synthesis using (S)-l-(4-methoxyphenyl)ethylamine as a chiral auxiliary, and a 
simple hydrolytic method for its removal.
5.2  A sym m etric S treck e r Syn theses of a-Arylglycines Using Chiral 
Auxiliaries
a-Amino acids are one of the most important class of natural products, due to their 
important biological functions1 and their increasing use in different strategies for 
asymmetric synthesis. As a consequence, numerous efforts have been devoted towards their 
synthesis in enantiomerically pure form.2-4 Of special relevance is the synthesis of non- 
proteinogenic a-amino acids that exhibit novel properties, which can be used to prepare 
peptides of potentially unlimited scope. Among the family of non-proteinogenic a-amino 
acids, a-arylglycines are especially important, due to the pharmacological properties of 
some members of this family.5'7 Furthermore, they are components of widely used p-lactam 
antibiotics such as amoxicillin,8 cephalexin,9'11 cefadroxil and the nocardicins, 12 as well as
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important glycopeptide antibiotics such as the vancomycin group13' 15 (Figure 5.1). Due to 
this, and their challenging synthesis in enantiomerically pure form caused by the ease of 
base-catalysed racemisation, 16 and their often poor solubility properties, 2 different research 
groups have attempted to develop asymmetric methodologies for the synthesis of 
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F ig u r e  5 .1  E x a m p le s  o f  a n tib io tic s  th a t co n ta in  a -a r y lg ly c in e s .
As already discussed in Chapter 3, the Strecker synthesis remains one of the most 
direct and economical methods for the synthesis of a-amino acids (Scheme 5.1). Several 
successful enantioselective catalytic Strecker syntheses of a-amino acids (including a- 
arylglycines) using a diverse range of chiral catalysts have been developed. 2 6  2 7 However, 
the preparation of many of these enantioselective catalysts remains difficult, whilst those 
that are commercially available are very expensive. Furthermore, many of these syntheses 
require the use of TMSCN as a cyanide donor, which is expensive for large scale syntheses, 
and hydrolyses easily to form highly toxic HCN even in the presence of small amounts of 
water. Also, pre-formed imines are usually employed, due to the easy deactivation of the 
catalysts by amines or water generated during imine formation (see examples in Scheme
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5.2). Consequently, these enantioselective reactions have to be carried out under strictly 
anhydrous conditions.
C lassical th ree-com ponent Strecker syn th esis  of a-am in o  acid s
NH2 n h 2
RCHO + NH3 + HCN ------------  1  ► 1
R CN R C 0 2H
Modified Strecker syn th esis  o f a -am in o  acid s  (hydrocyanation o f pre-form ed im ines)
k,-r ' ^r ' ^r '
N HCN h N HN"
RCHO + NH2R!  ► II  ► T ------------► T
R H R / ^ C N  R ^ C O z H
H 2





a A A n . + HCN ------------------------------------------------------------------ ►
Ar N Ph Ar N Ph
toluene, -40  °C, 20 h H
80-99%  after chromatography (50-88%  ee )
C 0 2H
6N HCI (reflux) _ f
Ar NH2.HCI





^ x  ________ - x  x  6nhci r H
A r ^ N  Ph Ti (Oi-Pr), (10 mol%). TMSCN (2 equiv.) Ar B Ph 70  "C, 12 h A r ^ N ^ H C !
/-PrOH (1.5 equiv.), toluene, 4  °C, 20 h
X -5-O M e 3 5-diCI or 3 5-diBr 80-99%  after chromatography
or recrystallisation (85->99%  e e )
(Boc)20 ,  NaOH 9 ° 2 H
dioxane A r -^ ^ N H B o c
23  °C, 30 min
Ar: Ph, 2-CIC6H4, 2-BrC6H4, 4-M eOC6H4 
Scheme 5.2 Examples of enantioselective catalytic Strecker syntheses of a-arylglycines (a) by Grogan and Corey28 and
(b) by Snapper, Hoveyda et al.29,30
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The use of chiral auxiliaries for the diastereoselective asymmetric Strecker synthesis 
of a-arylglycines has also been investigated.2 To date, all of the enantiopure compounds 
depicted in Figure 5.2 have been successfully used as chiral auxiliaries for the synthesis of 
enantioenriched a-arylglycines.*
(R )- or (S )-  1-phenylethylam ine (4S ,5S)-5-am ino-2 ,2-d im ethyl-4-ph en yl-1 ,3-d ioxan e 2,3,4,6-tetra-O-pivaloyl-p-D-galactopyranosyl amine
(,R )- or (S )-2-am ino-2-phenylethanol (S)-5.1
Figure 5.2 Different enantiopure compounds that had been used as chiral auxiliaries for the synthesis of 
enantioenriched a-arylglycines.
Although inexpensive enantiopure 1-phenylethylamine has been used in a three- 
component Strecker synthesis of a-amino nitriles by reaction with aromatic aldehydes and 
NaCN, these compounds could not be converted into their corresponding a-arylglycines.32 
This is because the hydrogenolytic procedure typically used for the deprotection of this 
chiral auxiliary resulted in competing cleavage of the desired a-amino nitrile stereocentre 
(Scheme 5.3).
Me CN
H2N Me rl20  /  MeOH (1:1) |
ArCHO ♦ Y *  + NaCN ------------^ “  P t / V  'Ar
Ph ’ H
(S) or (R) 80-97%  (35-71 % de)
(S )-1-phenylethylam ine •- (S ,S ) Major
(R)-1 -p henyleth y lam in e "■ (R ,R ) Major
Ar: Ph, 2-CIC6H4, 3-CIC6H4, 4-CIC6H4, 2-M eOC6H4, 3-M eOC6H4, 4-M eO C 6H4, 4-M eC6H4
Yields o f pure d iastereom er  
after crystallisation: 3-78%
Scheme 5.3 Three-component asymmetric Strecker synthesis of a-amino nitriles using enantiopure 1-phenylethylamine 
as a chiral auxiliary.
A modification of this methodology involving pre-formation of the imine followed 
by addition of CNBr resulted in the formation of A-bromo-a-amino nitriles. These
* W hile preparing this manuscript, th e u se  of (S)-(4-m ethoxyphenyl)ethylam ine, our reagen t of ch oice, w a s  published.31 This exam p le will 
be com m en ted  on later within th e results and d iscu ssion  section  of this chapter.
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intermediates could be deprotected by initial dehydrobromination to produce an imine, 
which was subsequently hydrolysed under acidic conditions to afford the corresponding a- 
arylglycines.33 However, the enantiomeric excesses achieved were only moderate 
(approximately 50% ee for phenylglycine), with partial racemisation occurring in the 
deprotection step (Scheme 5.4).
Me M e CN Me CN
H2N ,  Me I CNBr I | .  Et3N I I
ArCHO + y     JLr J k .  T *
p h (-H20 )  Ph N Ar Ph N Ar (-HBr) P t r  N Ar
1) 6N HCI H zN -^ ^ C O zH
(-PhCOM e) Ar
2) D ow ex 50
21-47%  (-50%  e e )
Ar: Ph, 2-M eO C 6H4, 3,5-(M eO )2C6H3, 3 ,4 ,5-(M eO )3C6H2
Scheme 5.4 Modified asymmetric Strecker synthesis of a-arylglycines using enantiopure 1-phenylethylamine as a chiral 
auxiliary.
Weinges and co-workers studied extensively the use of (45',55)-5-amino-2,2- 
dimethyl-4-phenyl-l,3-dioxane as a chiral auxiliary for three-component asymmetric 
Strecker syntheses of a-amino acids, and developed an oxidative method for the cleavage of 
this chiral auxiliary that was compatible with the synthesis of a-arylglycines (Scheme 
5.5).34 The diastereomeric ratio of the mixture of a-amino nitrile intermediates was 
approximately 40%, and the major diastereomer could be isolated by crystallisation in a 
moderate yield (60-65%). The drawbacks of this methodology are that this chiral auxiliary 
is not suitable for large scale production, and the need for several steps to transform the a- 
amino nitrile intermediates into the desired a-arylglycines.
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ca. 40%  de  -------------------------- ► D iastereopure
1) H20  (reflux)HO' 0 HO'
CIHN 2) pH 5-6 OH
Ar: Ph 82%
4-M eO C 6H4 73%
Ar: Ph







Scheme 5.5 Weinges and co-workers’ three-component asymmetric Strecker synthesis of (S)-a-phenylglycine and (S)- 
a-anisylglycine using (4S,5S)-5-amino-2,2-dimethyl-4-phenyl-1,3-dioxane as a chiral auxiliary.
Kunz and co-workers employed 2,3,4,6-tetra-0-pivaloyl-(3-D-galactopyranosyl 
amine as a chiral auxiliary in asymmetric Strecker syntheses of a-amino nitriles consisting 
of a Lewis acid catalysed addition of TMSCN to the corresponding pre-formed imines 
(Scheme 5.6).35-40 Only one example of the conversion of an aromatic a-amino nitrile to the 
corresponding enantiopure a-arylglycine by hydrolysis with hydrochloric acid with 
concomitant deprotection of the chiral auxiliary was reported. The intermediate a-amino 
nitriles were obtained in good to excellent diastereoselectivities, and the major diastereomer 
was isolated by crystallisation. Remarkably, the two different diastereomeric a-amino 
nitrile intermediates could be formed as the major products of the reaction by simply 
carrying out the Strecker reaction in a different solvent. Some of the drawbacks of this 
methodology have already been commented upon, such as the generation of the 
intermediate a-amino nitriles in a two step process involving imine intermediates, the use of 
TMSCN, and the non-viability of the method for large scale preparations, which is 
compounded by the need for several steps to remove the chiral auxiliary.
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TMSCN PivO OPiv




OPiv H'' \ r
75-91%  after isolation by crystallisation (73-100%  de)














PivO^S-^^^ N \X CN
OPiv Ar'' h
(50-71%  de)
50-75%  after isolation by crystallisation followed by 
chrom atography (50-71%  de)
Ar: 4-M eC 6H4l 4-FC 6H4l 3-CIC6H4, 4-CIC6H4
PivO OPiv
U ^ O v H ______HCI ^  CIH.H2N C 0 2H
P i v o S i ^ N  CN X
OPiv H \  Ar
94%
Scheme 5.6 Kunz and co-workers’ modified asymmetric Strecker synthesis of 4-chlorophenylglycine using 2,3,4,6-tetra- 
O-pivaloyl-p-D-galactopyranosyl amine as a chiral auxiliary.
The use of commercially available enantiomerically pure 2-amino-2-phenylethanol 
as a chiral auxiliary for asymmetric Strecker syntheses of enantiopure a-arylglycines was 
developed by Chakraborty and co-workers.41,42 The method consists of the 
diastereoselective addition of TMSCN to the corresponding pre-formed imines, which were 
used without purification (Scheme 5.7). The intermediate a-amino nitriles were obtained in 
moderate to good diastereoselectivities, and the major diastereomer could be isolated via 
chromatography. This intermediate was subjected to a two step deprotection process 
involving oxidative cleavage with Pb(OAc)4 to afford the corresponding imine, which was 
subsequently hydrolysed under acidic conditions to afford the desired enantiopure a- 
arylglycine derivative. An alternative deprotection procedure was developed involving 
conversion of the intermediate a-amino nitrile into its methyl ester derivative, which was 
subsequently deprotected by treatment with Pb(OAc)4 and diluted hydrochloric acid to 
obtain the corresponding a-arylglycine methyl ester derivative. Subsequently, Dave and 
Hosagandi modified this methodology by using NaCN/NPUCl as the cyano source.43 The 
main problems of this synthetic protocol are that the a-amino nitrile intermediates are 
usually isolated by column chromatography instead of by simple crystallisation, the need
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for several steps to form a-arylglycines from a-amino nitriles, and the use of toxic 
Pb(OAc)4 for the removal of the chiral auxiliary fragment.
H Ph
ArCHO + ,O H
H,N
(R)
Ar: Ph, 4-M eC6H4, 4-M eOCsH4
dry CHCI3  A r ^  .N
N2, rt, 1 h
.Ph TMSCN
CHCI3  or MeOH 
'O H  0 °C-rt, 6-8 h
.Ph.Ph
By-products form ed in th e  reaction in 5-10%
H HAr̂
CN










X: H in MeOH 
X: TMS in CHCI3
X: TMS
Minor (R,R)
TBAF or 3N HCI
H H Ph H H p h
Ak . / N .  | / h  An . . . N ^ i y  n
CN
M / n + ArY Ny  








H H PhArv ^N^f.xPh
CN
OH
CH2CI2 /  MeOH (2:1), 0 °C, 5 min, quantitative






Ak ^ ^ /N H z.HCI
c o 2h





Mel̂ . . .  2) dil. HCI, quantitative =C 0 2 k  H C 0 2Me
OH
70% 70%
Schem e 5.7 Chakraborty and co-workers’ modified asymmetric Strecker synthesis of a-arylglycines using 2-amino-2- 
phenylethanol as a chiral auxiliary.
Finally, the use of enantiopure sulfinimines of the type (*S)-5.1 as chiral auxiliaries 
for the Strecker synthesis of a-arylglycines using Et2AlCN as the cyano source, was 
investigated by Davis and co-workers (Scheme 5.8).44-46 The use of Et2AlCN in 
combination with /-PrOH led to good diastereoselectivities, and the major diastereomer 
could be isolated by crystallisation. Removal of the chiral auxiliary and hydrolysis to the 
corresponding a-arylglycine was achieved in one step by refluxing in hydrochloric acid. 
The main drawbacks of this method are the need to synthesise the enantiopure sulfinimines 
by a non-trivial method requiring strict anhydrous conditions, and the strict anhydrous 
conditions also required for the formation of the intermediate a-amino nitriles due to the 
use ofEt2AlCN.
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V.N Ph
Et2AICN VAr NHTHF (27-42%  de)





6N  HCI T
reflux, 6  h P h ^ ^ C C V
78%  (>95%  ee )
Scheme 5.8 Davis and co-workers’ modified asymmetric Strecker synthesis of a-arylglycines using enantiopure 
sulfinimines as chiral auxiliaries.
From this brief survey, it can be concluded that further developments need to be 
carried out in order to increase the practicality and viability for large scale reactions of the 
asymmetric Strecker synthesis of a-arylglycines using chiral auxiliaries.
5 .3  Envisaged P rog ram m e of W ork
With the new CDA in hand, the idea was to develop a simple and economical 
synthesis of a-arylglycines for which the established derivatisation method could be used to 
calculate the enantiomeric excess of the final products. Of all of the chiral auxiliaries 
mentioned, 1 -phenylethylamine seemed the best type of model substrate due to its low cost, 
and the commercial availability of both enantiomeric forms. Furthermore, its use as a chiral 
auxiliary in the synthesis of a-amino nitriles had already been reported by several research 
groups, with the major diastereomer of the mixture of a-amino nitrile intermediates being 
usually isolated by crystallisation in moderate to good yields. In addition, its suitability to 
carry out three-component asymmetric Strecker syntheses of a-amino nitriles had also been 
demonstrated.32,47'52 However, as already commented, the use of this chiral auxiliary was 
not suitable for the synthesis of a-arylglycines due to the reductive procedure usually 
employed for its removal. Consequently, a chiral auxiliary with a similar performance and 
economical viability that would enable a different deprotection approach to be carried out 
was required.
Enantiopure 1-(4-methoxyphenyl)ethylamine has been used as a chiral auxiliary by 
several research groups as an alternative to enantiopure 1-phenylethylamine for the 
asymmetric synthesis of products that contain functionalities sensitive to hydrogenolysis.53' 
55 The reason for this is the presence of a higher electronic density within the aromatic ring
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of the chiral auxiliary fragment that allows its removal via an oxidative or cationic 
process.56 For example, treatment of (R,S)-5.2 with eerie ammonium nitrate (CAN) resulted 
in the cleavage of the (R)-l-(4-methoxyphenyl)ethylamine moiety under oxidative 
conditions to afford the corresponding p-amino esters in high enantiomeric excesses.54,55 An 
alternative acid catalysed hydrolysis approach using a combination of HCO2H and EtsSiH 
enabled deprotection of (S,S)-5.3 to afford the corresponding P-amino ester in good yield 
and excellent enantiomeric excess.53 Remarkably, these two alternative deprotection 
methods maintained the structural integrity of the hydrogenolytically sensitive haloaryl and 




‘Of-BuMeCN / H20  (5:1), rt
51-68%  (94-98%  ee)
X: F, Cl, Br, I
NH2NH
1) H C 02H / Et3SiH, 9 0 -1 0 0  °C, 1 h
OM e 2) HCI / EtOAc / MeOH
C 0 2Me
(S,S)-5.3 90-95%  for 2 s te p s  (>99%  ee )
Scheme 5.9 Examples of different strategies employed for the removal of enantiopure 1-(4-methoxyphenyl)ethylamine 
in the presence of functionalities sensitive to hydrogenolysis.
As a consequence, it was decided to employ enantiopure l-(4- 
methoxyphenyl)ethylamine as a chiral auxiliary for the synthesis of a-arylglycines via an 
asymmetric Strecker reaction. The enantiomeric purity of the a-amino acids formed (or 
their ester derivatives) would then be determined using the new BINOL-boronate CDA 
described in the previous chapter. Consequently, an investigation into the suitability of the 
new CDA for determining the enantiomeric excess of a-amino acids was first carried out.
5 .4  R esults and Discussion
5.4.1 Determination o f  the Enantiomeric Excess o f  a-Amino Acids
It was first demonstrated that the new CDA could be used for the direct 
derivatisation of a range of racemic a-amino acids with (5)-BINOL and 2-
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formylphenylboronic acid. It was observed that despite a-amino acids being only sparingly 
soluble in CDCI3 , their use as their hydrochloride salt form in conjunction with NEt3 (1.1 
equiv.) as a base resulted in formation of the desired complexes. The results obtained are 
summarised in Table 5.1.
T a b le  5 .1  C h e m ic a l sh ift d if fe r e n c e s  (A 5) in th e  1H N M R  s p e c tr u m  (C D C I3, rt, 3 0 0  M H z) o f  th e  d ia s t e r e o m e r s  fo r m e d  by  
d e r iv a tisa tio n  o f  r a c e m ic  a -a m in o  a c id s t
A
E n try a - A m in o  A c id
HOjC H"* C 
'N H ,
(rac)-5.4
C o m p o u n d s
(S ,R )-5 . 5 a  +  ( S , .S > 5 .5 b
A 6  ( p p m )a
0 . 0 6  ( A )  
0 .1 1  ( B )  
0 . 0 5  ( C )
^  HO,C H — C
(rac)-5 . 6
(S ,R )-5.7a + ( .S ',.S )-5 .7 b
0 . 8 9  ( A )  
0 . 2 7  ( C )
HO,C. H —  C 
'N H ,
(rac)- 5.8
(S,R )-S.9a  +  ( .S ',.S > 5 .9 b
0 .1 1  ( A )  
0 . 1 9 ( C )  
0 . 1 3 ( D )
HO,C H - —  C
Me
(rac)-5.10
(S ,R ,R )-S .l\a  +  ( .S V v S > S . l l b
0 . 2 2  ( A )  
0 . 2 7  ( C )
D — H HOjC H -«—  C 
F— H
(rac)-5 .1 2
(S ,R )-5 . 1 3 a  +  (.S',.S> 5 . 1 3 b
0 . 0 6  ( A )  
0 . 1 9 ( C )  
0 . 1 4  ( D ) b 
0 . 1 8  ( E ) c 
0 . 2 0  ( F ) c
HOjC H - — C
D ► M e '^ x - ^ ' N H 2
(rac)-5.14
(S ,R )-5 . 1 5 a  +  ( „ V > > 5 .1 5 b
0 .0 1  ( A ) b 
0 . 1 6 ( C )  
0 . 3 0  ( D )
HO,C. H — C 
'N H 2 
(rac)-5.16
( S J t) -S M a  + (S ,S )-S A 7b
0 . 1 7 ( C )  
0 . 3 0  ( D )
a Absolute values.b The two resonances were not baseline resolved.c One of the resonances overlaps with one of the reso­
nances corresponding to the other geminal proton.
T S e e  appendix for the 1H NMR spectra of the com plexes.
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In a similar manner as described previously for the derivatisation of racemic 
amines, at least two separate resonances in the ]H NMR spectra could be used for 
determination of the diastereomeric excess of the derived complexes, with large chemical 
shifts differences occurring even at positions remote to the point of attachment to the CDA 
(see for example entries 2, 5, 6 , 7).
When racemic a-amino acids were employed then two equal signals with the same 
integration were observed for the diastereomeric protons showing nonequivalence. 
Similarly, when analysis of a 10:1 enantiomeric mixture of a-amino acids was carried out, 
!H NMR analysis of the resultant complexes showed the correct diastereomeric ratio. 
However, the resonances corresponding to EtsN.HCl in the ]H NMR spectra were very 
large in comparison to the resonances corresponding to the BINOL-boronate complexes, 
making the integrals of some of the resonances potentially difficult to measure accurately. 
This fact could lead to errors when the enantiomeric excess of a-amino acids of high 
enantiomeric purity need to be analysed.
Attempts to remove the EtsN.HCl by an aqueous work-up appeared to result in the 
selective hydrolysis of one of the diastereomeric complexes formed, a potentially 
catastrophic observation if this approach was to be used to accurately determine the 
enantiomeric excess of an a-amino acid. Consequently, alternative reaction conditions were 
sought to facilitate complex formation. In a first attempt, the solid phase reagent 
piperidinomethyl polystyrene was used as a basic resin, however, no formation of any 
complexes was observed. CS2CO3 was then chosen as a potential candidate, due to the 
absence of resonances corresponding to the base in ’H NMR analysis. Nevertheless, its use 
did not result in the formation of any complex. Subsequent experiments investigated the use 
of alternative deuterated solvents in search of an homogeneous reaction medium. However, 
the use of DMSO-cfe resulted in no formation of the desired complexes when used a-amino 
acids or their hydrochloride salts in the presence of CS2 CO3 . The use of pyridine-ds as a 
polar solvent suitable for dissolving a-amino acids that could act simultaneously as a base 
when using the corresponding hydrochloride salts, was also unsuccessful in facilitating 
formation of the complexes.
Thus, it was demonstrated that the desired diastereomeric BINOL-boronate 
complexes with a-amino acids could be formed, and that they were suitable for 
determination of the enantiomeric excess of a-amino acids by ]H NMR spectroscopic 
analysis. However, there was some concern about the heterogeneous nature of the 
derivatisation reaction, along with the large resonance peaks arising from Et3N.HCl in the 
]H NMR spectra of the complexes formed, which might cause inaccuracies in the
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determination of the enantiomeric excess of a-amino acids with high enantiomeric excesses 
(>90% ee). Therefore, attention was turned to devising conditions for determining the 
enantiomeric excess of the corresponding a-amino esters, whose complexation should 
proceed under homogeneous reaction conditions.
5.4.2 Determination o f  the Enantiomeric Excess o f  a-Amino Esters
a-Amino esters are most commonly stored as their hydrochloride salts. 
Consequently, in order to be able to form their imine complexes, they must be first 
transformed into their free base form. In order to derivatise them without diminishing the 
practicality of the established methodology, it was decided to neutralise them in situ before 
carrying out the described derivatisation protocol. This time, CS2CO3 was found to facilitate 
the formation of the desired diastereomeric complexes by reaction of racemic a-amino 
esters, (S)-BINOL and 2-formylphenylboronic acid in CDCI3  after short reaction times of 
around 30 minutes. It should be noted that in a few cases, line broadening was observed in 
the spectra, which could however be avoided by filtration of the sample prior to analysis by 
]H NMR spectroscopy. The results obtained are summarised in Table 5.2.
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Table 5.2 Chemical shift differences (A5) in the 1H NMR spectra (CDCI3, rt, 300 MHz) of the diastereomers formed by 
derivatisation of racemic a-amino esters*
A
Entry a-Amino Ester Compounds A5 ( 6 r - 6s) 
(P P m )a



























-0.34 P )  
0.13(E) 
0.19 (E’)
* A negative value indicates that the resonance corresponding to the complex derived from the (S)-a-amino ester is more 
deshielded than the one derived from the (R)-a-amino ester.
From these results, it should be first highlighted that large chemical shift differences 
[up to 0.67 ppm (entry 3, protons D)] were observed for the alkyl substituent of the ester 
moiety in all the cases. This fact makes the determination of the enantiomeric excess of 01- 
amino esters easy and accurate, due to the relative intensity of these resonances 
corresponding to three or more protons. Furthermore, in all the examples examined, the 
resonance corresponding to the alkyl group of the ester moiety (D) of the complexes 
derived from (£)-a-amino esters appeared more deshielded than the one of their (.R)- 
counterparts. This observation indicated that these complexes are useful for the 
determination of the absolute configuration of the derivatised a-amino esters. As in the case 
of amines and a-amino acids, in all the cases studied several resonances could be used to 
determine the enantiomeric excess of the species under analysis.
It should be noted that when the reaction mixture for the formation of 
diastereomerically pure complex (S,R)~5.21a was left for 16.5 h in the presence of excess
* S e e  appendix for the 1H NMR spectra  of the com p lexes.
- 150-
Chapter 5 Results and Discussion
CS2 CO3 , the appearance of complex (S,S)-5.21b in an approximately equimolar amount was 
observed on analysis by ]H NMR spectroscopy. This indicated that the (S,R)-5.21a complex 
initially formed had epimerised at the a-carbon of its a-amino ester moiety. A final 1:2 ratio 
of (S,R)-5.21si:(S,S)-5.21b was observed after several days, indicating that formation of the 
(5',5)-complex was preferred under thermodynamic conditions. This result was in 
accordance with the known acidity of the a-protons of imines derived from a-amino esters, 
which has been exploited previously to develop methodology for the formation of a- 
alkylated amino acid derivatives.57'61
Thus, subsequent experiments were carried out in order to determine the stability of 
the boronate complexes towards epimerisation, in order to validate the developed 
methodology for determination of the enantiomeric excess of a-amino esters. It was found 
that when a sample of (S,R)-5.21a was filtered 10 minutes after starting the reaction until a 
clear solution remained, then no epimerisation was observed when !H NMR analysis of this 
sample was repeated after 18 h. This contrasted with the NMR spectrum of a sample 
taken from the reaction mixture in the presence of excess CS2CO3, which showed a 1:2 ratio 
of (S,R)-5.2U:(S,S)-5.21b after 26 h.
Therefore, as long as excess CS2CO3 is filtered from the sample of the complex 
formed taken for analysis after short reaction times, then this CDA is suitable for 
determining the enantiomeric excess of a-amino esters. Furthermore, addition of TFA (ca. 
pH 1) to the reaction mixture after 1 h resulted in no observed epimerisation when a sample 
was taken for analysis after 20 h. Importantly, no decomposition of the complexes formed 
was observed after addition of TFA.
Finally, X-ray analysis was carried out on crystals of obtained after
recrystallisation from CHC^/w-hexane, which confirmed that the configuration of the a- 
amino ester fragment of this complex was the same as the initial configuration of the 
starting (5)-a-amino ester hydrochloride (Figure 5.3).
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Figure 5.3 ORTEP view of (S,S)-5.23b with ellipsoids drawn at 30% probability level.
5.4.3 Synthesis o f  (SyS)-a-Aryl-a-Amino Nitriles
With the suitability of the new CDA for the determination of the enantiomeric 
excess of a-amino esters having been proved, the development of a three-component 
asymmetric Strecker synthesis of a-arylglycines using enantiopure (S)-l-(4- 
methoxyphenyl)ethylamine as a chiral auxiliary was next attempted. Thus, by adaptation of 
a procedure previously published in the literature,32 52 treatment of 2-bromobenzaldehyde 
5.26a with (S)-l-(4-methoxyphenyl)ethylamine hydrochloride (5)-5.27.HCl and NaCN in 
MeOH/IHhO (1:1), resulted in a clean three-component Strecker reaction affording a white 
solid that was collected via simple filtration from the crude reaction mixture in 58% yield 
(Scheme 5.10). rH NMR (400 MHz, CDC13) analysis of this material, or the crude filtrate, 
did not show any resonance corresponding to the starting aldehyde indicating that the 
reaction had proceeded to completion. The presence of a new singlet in the ’H NMR 
spectrum of the solid at 4.66 ppm was in accordance with the methine proton of an amino 
nitrile carbon for this type of substrate.32,42,43 52 The presence of a small series of peaks that 
mirrored those of the major product indicated the presence of the other diastereomeric 
product. The integration of the corresponding peaks revealed that the major diastereomer 
had been formed in ca. 90% de. The major product was then purified to homogeneity by 
simply washing with w-hexane.
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c ih .h2n NaCN
OMe
MeOH / H20  
rt, 16 h
5.26a-e (S)-5.27.HCI
R = (a) 2-Br, (b) H, (c) 2-Me, (d) 4-Me, (e) 4-F
OMe
Major (S ,S)-5.28a-e  
Isolated by crystallisation
Scheme 5.10 Three-component asymmetric Strecker synthesis of (S.S)-a-aryl-a-amino nitriles using (S)-1-(4- 
methoxyphenyl) ethylamine as a chiral auxiliary.
An alternative work-up was subsequently carried out for the same reaction by 
diluting the crude reaction mixture with an equal volume of CH2CI2 and extracting twice 
with the same solvent. The combined organic extracts were dried (MgSC^), filtered and 
concentrated in vacuo to give a yellow solid in 88% yield. NMR (300 MHz, CDCI3 ) 
analysis of this crude material showed it to be a mixture of diastereomers in 80:20 ratio 
(calculated by integrating the resonances corresponding to the methine protons of the amino 
nitrile carbon and the chiral auxiliary for each diastereomer). The configuration of the major 
and minor diastereomeric products was determined by comparison with similar products 
reported in the literature.32,52,62'64 According to these precedents, the Strecker reaction using 
(«S)-l-phenylethylamine afforded (S'.S'j-a-amino nitriles as the major products, while CK)-1- 
phenylethylamine led to (R,R)-a-amino nitriles. Furthermore, it was also observed that the 
resonance corresponding to the methine proton of the amino nitrile carbon of the major 
(S,S) diastereomer always appeared at a higher field than that of the minor (S,R) isomer, 
which was also observed for the products of my Strecker reaction. By analogy with this, the 
configuration (S,S) was assigned to the major diastereomer and (S,R) to the minor isomer. 
This stereochemical assignment was subsequently confirmed by transforming the major 
diastereomer of 5.28a to the corresponding a-arylglycine (vide infra), for which a positive 
sign of the specific rotation of the (*S)-enantiomer was known.23
This methodology was then extended to a range of a-arylaldehyde substrates 5.26b- 
e that contained both alkyl and halogen substituents at the ortho- and para- positions of 
their aromatic rings, with high yields for the diastereomeric mixtures of a-amino nitriles but 
with moderate diastereoselectivities being observed in each case (Table 5.3). Remarkably, 
as occurred for 2-bromobenzaldehyde 5.26a, the major a-amino nitrile obtained from the 
reaction using o-tolualdehyde 5.26c precipitated from the reaction mixture in 60% yield as a 
single diastereomer [>97% de as observed by lH NMR (400 MHz, CDCI3 )]. Furthermore, 
the major products from the diastereomeric mixture of a-amino nitriles derived from
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aldehydes 5.26b,d,e could be purified to >95% de via simple fractional crystallisation of the 
crude reaction product from Et20/sat. methanolic HC1.
Table 5.3 Asymmetric Strecker synthesis of a-aryl-a-amino nitriles using (S)-(-)-1-(4-methoxyphenyl)ethylamine a s  a 
chiral auxiliary.
Entry Arylaldehyde Isolated Yield of Mixture of Diastereomers (%)
Diastereomeric
ratio3
1 5 . 2 6 a 91 80:20
2 5 . 2 6 b 88 76:24
3 5 . 2 6 c 96 84.5:15.5
4 5 . 2 6 d 98 76:24
5 5 . 2 6 e 95 77:23
3 All diastereoselectivities were determined by 'H NMR spectroscopic analysis (300 MHz, CDCI3) of the crude product by 
integration of the signals corresponding to the methine protons at the amino nitrile carbon and the stereogenic centre of the 
chiral auxiliary.
Crystals suitable for X-ray analysis were obtained for the major diastereomer (in 
racemic form) isolated from the reaction between aldehyde 5.26d and (rac)-5.27.HCl, thus 
providing confirmation of the relative (S,S) [or (R,R)] stereochemistry of the major products 








Figure 5.4 ORTEP view of (R,R)-5.28e with ellipsoids drawn at 30% probability level.
Several extremely important observations were subsequently found serendipitously. 
Thus, it was discovered that on standing, the oily diastereomeric mixtures of the a-amino 
nitriles derived from aldehydes 5.26b and 5.26d slowly became diastereomerically pure
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solids as observed by !H NMR analysis of the resultant solids. Furthermore, when the 
Strecker reaction involving aldehyde 5.26d was left stirring for 5 days instead of for 16 h, 
the major (S,S) diastereomer was obtained as a solid from the reaction mixture in 94% yield 
(as opposed to an oil, mixture of diastereomers obtained after 16 h). Finally, when the solid 
obtained in the reaction of aldehyde 5.26c was left in the reaction flask for 3 days in 
solution it was found that the yield of the major diastereomer increased from around 60% to 
90%. These observations are in agreement with the reported evidence of epimerisation at 
the amino nitrile carbon of similar species in MeOH, and the formation of similar a-amino 
nitriles under thermodynamic rather than kinetic control.32,63 Therefore, it is clear that the 
initial moderate diastereocontrol of the Strecker reaction under kinetic control is 
unimportant, since thermodynamic equilibration under acidic conditions leads to the major 
(S,S) diastereomer in very high diastereomeric excess.
5.4.4 Attempts to Improve the Diastereoselectivity o f  the Reaction
Before discovering this thermodynamic equilibration pathway, attempts were 
carried out to improve the diastereoselectivity of the reaction under kinetic control. Thus, 
different amines were used as chiral auxiliaries with the aim of improving the 
diastereoselectivity of the reaction for the formation of a-amino nitriles. Amines (5)- 
5.29.HC1 and (5}-5.30.HCl were synthesised by another member of the Bull group. When 
(S)-5.29.HC1 and arylaldehyde 5.26d were employed as substrates, a lower 67:33 
diastereomeric ratio of a-amino nitriles was observed (compared to 76:24 ratio obtained 
using (S)-l-(4-methoxyphenyl)ethylamine). This indicated that positioning a methoxy group 
in the ortho- position of the aromatic ring of the amine was not a good strategy for 
improving the diastereoselectivity of this reaction. The use of amine (S)-5.30.HC1 with 
benzaldehyde 5.26b resulted in a similar decrease in the diastereomeric ratio to 68:32 
(compare with 76:24 ratio obtained using (S)-1 -(4-methoxyphenyl)ethylamine). This result 
contrasted with results published previously reporting that placing bulkier stereocontrolling 
alkyl groups in the a-position of a-alkylbenzylamines improved the diastereoselectivity in 
similar Strecker reactions.63 Finally, the use of (5)-5.31.HCl and aldehyde 5.26d resulted in 
only a slight improvement (83:17 ratio vs. 76:24), which given its expense and difficulty in 
deprotection did not offer any advantages.
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(S )-5 .2 9  (S )-5 .3 0  (S )-5.31
Figure 5.5 Different amines used in an attempt to improve the diastereoselectivity of the developed asymmetric 
Strecker synthesis of a-aminonitriles.
5.4.5 Synthesis o f  (S)-a-Arylglycines.
After having isolated the major diastereomers of the a-amino nitrile intermediates, 
the next task was to convert them to the corresponding a-arylglycines. While these a-amino 
nitriles could potentially be deprotected oxidatively using CAN or DDQ,§ it was thought 
that the acidic conditions required for the hydrolysis of the nitrile group might also result in 
the concomitant removal of the chiral auxiliary, thus resulting in a highly practical 
synthesis.
Consequently, (S,S)-5.28a was refluxed in 6M HC1 (aq) at 90 °C for ca. 12 h 
followed by washing with Et20 and evaporation of the solvent under reduced pressure. This 
resulted in a clean cleavage of the chiral auxiliary with concomitant hydrolysis of the nitrile 
group to give the a-arylglycine hydrochloride (*S)-5.32a.HCl as a white solid as confirmed 
by NMR analyses, and their comparison with spectroscopic data previously reported for 2- 
bromophenylglycine.23 Therefore, different reaction conditions were subsequently explored 
in order to investigate whether shorter reaction times could be employed. It was found that a 
reaction time of 3-4 h resulted in formation of the corresponding a-arylglycine 
hydrochloride with complete disappearance of the a-amino nitrile precursor. This time, the 
presence of ca. 15% of the parent (5)-l-(4-methoxyphenyl)ethylamine hydrochloride (S)- 
5.27.HC1 was observed in the !H NMR of the crude solid in D2O, which could be removed 
after washing the solid with CDCI3 . This unwanted reaction product is likely to arise from a 
competing cleavage pathway that ultimately results in a reduced yield of the desired a- 
arylglycine hydrochloride (Scheme 5.11).
s
This m ethodology h a s  recently b een  published and will b e com m en ted  upon later in this chapter.
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Main reaction pathway
HN








(jtN OM e OM e
Scheme 5.11 Competing reaction pathways during the treatment of the (S,S)-a-aryl-a-amino nitriles with HCI.
This methodology was then extended to the remaining (S^-a-aryl-a-amino nitriles 
resulting in their successful conversion to the corresponding a-arylglycine hydrochlorides 
(£)-5.32b-e.HCl in 56-80% yield in all cases (Scheme 5.12). The stereochemical 
assignments were confirmed for (£)-5.32a,c.HCl, by comparison with the positive sign of 
the specific rotations of the (5)-enantiomers of the free a-arylglycines known in the 
literature.23
HN
'CN ‘OM e HCI 6M 'COOH
reflux at 90  °C, 3-4  h
(S)-5 .32a-e.H C I
(S ,S)-5 .28e .H C I  
R = (a) 2-Br, (b) H, (c) 2-M e, (d) 4-M e, (e) 4-F
Scheme 5.12 Transformation of (S.S)-a-aryl-a-amino nitriles into (S)-a-arylglycine hydrochlorides by hydrolytic 
cleavage of the chiral auxiliary with concomitant hydrolysis of the nitrile group.
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With the desired a-arylglycines in hand, the next task was to calculate their 
enantiomeric excess in order to validate the newly developed asymmetric methodology. For 
this purpose, the a-arylglycines were converted to their respective methyl ester 
hydrochloride derivatives in quantitative yield by refluxing in MeOH/HCl at 85 °C for 12 h 
followed by simple evaporation of the solvent. Each a-arylglycine methyl ester 
hydrochloride was then derivatised using the established protocol for determining the 
enantiomeric excess of a-amino esters using the BINOL-boronate CDA described 
previously. The enantiomeric excesses were calculated by comparison of the NMR 
spectra of the boronate complexes formed with (S)-BINOL, with those of the complexes 
formed from reaction with (rac)-BINOL. As can be seen from Table 5.4, the new CDA 
revealed that all diastereomerically pure a-arylamino nitriles had been deprotected to afford 
their corresponding a-arylglycine hydrochlorides in 85->97% ee (see appendix for the ’H 
NMR spectra of the complexes formed). This further demonstrated the high practicality of 
the developed asymmetric Strecker synthesis of a-arylglycines, without recourse to 
chromatography at any stage, which is ideally suited to scale-up.
Table 5.4 Transformation of (S,S)-a-aryl-a-amino nitriles into (S)-a-arylglycine hydrochlorides.
Entry (S)-a-Arylglycine Yield (%) Enantiomeric Excess 
(%)
l 5.32a.HCI 80 95
2 5.32b.HCl 60 96
3 5.32c.HCl 80 >95
4 5.32d.HCl 56 85
5 5.32e.HCl 63 96
It should be noted that while preparing this manuscript, another research group 
reported a single example of the formation of an a-arylglycine methyl ester hydrochloride 
by a similar approach to the one described in this thesis.31 Thus, addition of TMSCN to the 
imine derived from (S)-1 -(4-methoxyphenyl)ethylamine and benzaldehyde in the presence 
of BF3*Et20 or LiClC>4, gave the corresponding mixture of diastereomeric a-amino nitriles 
that were separated by column chromatography. The major diastereomer was then subjected 
to treatment with DDQ in CF^Cyphosphate buffer or CAN in MeCN/F^O for the removal
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of the chiral auxiliary, followed by treatment with methanolic HCI to give the 
corresponding (5)-phenylglycine methyl ester hydrochloride (Scheme 5.13). Nevertheless, 
the synthetic methodology described herein represents a much more practical and versatile 
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62%  overall yield from imine (>99%  ee )  
S c h e m e  5 .1 3  R e c e n tly  p u b lis h e d  m o d if ied  a s y m m e tr ic  S t r e c k e r  s y n th e s is  o f (S )-p h e n y lg ly c in e  m e th y l e s t e r  
h y d ro c h lo rid e  u s in g  (S )-1 -(4 -m e th o x y p h e n y l)e th y la m in e  a s  a  ch ira l aux iliary .
5 .5  Conclusions
From the results presented in this chapter, it can be concluded that enantiopure 1 -(4- 
methoxyphenyl)ethylamine is a very powerful chiral auxiliary for three-component 
asymmetric Strecker syntheses of enantiopure a-arylglycines in moderate to good yields. 
The development of this methodology has also served to demonstrate that the new BINOL- 
boronate CDA is a highly competitive method for determining the enantiomeric excess of 
this class of compound, which provides an economical alternative to commonly used 
Mosher’s reagents.
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’H, nB and 13C NMR spectra were recorded either on a Bruker Avance WH-400 (at 
399.78, 128.38 and 100.52 MHz respectively) or on a Bruker Avance AC-300 (at 300.22, 
96.32 and 75.49 MHz respectively) spectrometer in CDCI3 , CD 3 OD or D 2 O, using 
tetramethylsilane (TMS) ( 8 h  0 ppm) and/or the residual solvent signal as internal standards, 
and BF3-Et20 as external standard (]1B NMR). Chemical shifts (8) are given in parts per 
million and coupling constants (J) in Hz. All the following ]H NMR data use the 
abbreviations as follows: singlet (s), broad singlet (brs), doublet (d), doublet of doublets 
(dd), triplet (t), apparent triplet (app. t), apparent triplet of doublets (app. td), apparent 
triplet of quartets (app. tq), quartet (q), apparent quartet of doublets (app. qd), apparent 
quintet (app. quin), apparent sextuplet (app. sext), septuplet (sept), septuplet of doublets 
(septd), apparent octet (app. oct), multiplet (m), and aryl (Ar). In certain instances structural 
assignments of the ’H and 13C NMR spectra were elucidated with the aid of COSY, HMBC, 
HMQC and PENDANT experiments. AA’BB’ systems (protons chemically but not 
magnetically equivalent) in para substituted benzene rings are treated either as multiplets or 
as doublets depending on their appearance in the spectra.
Capillary melting points were determined on a Biichi 535 melting point apparatus. 
The readings were taken from a mercury-in-glass thermometer and are reported uncorrected 
as the meniscus point, rounded to the nearest 1 °C. Where the sample changed colour or 
evolved gas during or after the melt, thermal decomposition (dec.) is noted.
Optical rotations were recorded on an Optical Activity Ltd AA-10 automatic 
polarimeter with a path length of 1 dm. Concentrations are quoted in g/lOOmL.
Infrared spectra were recorded on a Perkin Elmer 1600 Series or a Nicolet Nexus™ 
FT-IR spectrometers with internal background calibration in the range 600-4000 cm'1, as 
solutions in chloroform (CHCI3 ), using thin films on NaCl plates (film), or KBr discs (KBr) 
as stated. Absorption maxima are recorded in wavenumbers (cm'1).
Mass spectra including high resolution spectra were recorded by the EPSRC 
National Mass Spectrometry Service Centre, Swansea, or the mass spectrometry service of 
the University of Bath, using electron impact (El), chemical ionisation (Cl) or electrospray 
(ES). All analyses were performed in positive ionisation mode. For low resolution 
measurements ammonia (Swansea) or isobutene (Bath) were used as the Cl reagent gas, on 
a Micromass Quattro II triple quadrupole (Swansea) or a Finnigan MAT 8340 instrument
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(Bath). For high resolution measurements, heptacosa (perfluorotributylamine) was used as 
the El and Cl reference compound, and polyethylenimine for ES, using either a Finnigan 
MAT95 high resolution double focussing mass spectrometer, or a MAT900 high resolution 
double focussing mass spectrometer with tandem ion trap.
Elemental analyses were performed by the microanalysis service of the Department 
of Chemistry of the University of Bath, using an Exeter Analytical Inc CE-440 elemental 
analyser.
High performance liquid chromatography was performed on a TSP Thermo 
Separation Products spectra series system, using different chiral columns, flow rates, and n- 
hexane//-PrOH solvent systems, as specified.
Crystallographic measurements were recorded on a Nonius KappaCCD 
diffractometer with Mo-Ka radiation (k = 0.71074 A). All structures were solved by direct 
methods and refined on all F2 data using the SHELX-97 suite of programmes.
6.1.2 Chemicals
All solvents were reagent grade. Water was distilled. Where dry solvents were 
required, they were freshly distilled under nitrogen prior to use. CH2CI2 was distilled from 
calcium hydride, whilst THF was distilled from sodium wire. Solvents and reagents were 
deoxygenated where necessary by purging with nitrogen. ‘Petrol’ refers to light petroleum, 
the fraction of petroleum ether boiling in the range of 40-60 °C. Organic layers were dried 
over MgS0 4 . All reagents were used as supplied without prior purification unless otherwise 
stated, and obtained from Acros Organics Ltd, Avocado, Fluka, Frontier Scientific Europe 
Ltd, Lancaster Synthesis Ltd, Sigma-Aldrich Chemical Co Ltd and RCA KG. Thin layer 
chromatography was performed using commercially available Merck or Macherey-Nagel 
aluminium backed plates coated with a 0 .2 0  mm layer of silica gel 60 with fluorescent 
indicator UV254. These plates were visualised using either ultraviolet light of 254 nm 
wavelength, or by staining the plates with vanillin or ninhydrin solution followed by gentle 
warming. Flash column chromatography was carried out using Davisil LC 60A silica gel 
(35-70 pm) purchased from Flurochem. Samples were pre-absorbed on silica. Reactions 
requiring anhydrous conditions were performed under nitrogen in oven dried glassware. 4 A 
molecular sieves (powdered and beads) were activated by drying in an oven at 150 °C or 
alternatively, by heating with a heat gun in vacuo (powdered molecular sieves).
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6 .2  Experimental of C hap ter 2
6.2.1 Experimental Procedures
- Synthesis of l-Benzyl-2R-phenyl-2f3-dihydro-lH-pyridin-4-one (R)-2.14a Using Boron 
Reagent (R)-2.11a Formed with 1 Equivalent of (R)-BINOL and 1 Equivalent ofB(OPh) 3
This synthesis was carried out according to the procedure described in the literature.1,2 Thus, 
(-K)-BINOL (R)-2.10 (100 mg, 0.35 mmol) was dissolved in 5 mL of dry CH2CI2, followed 
by addition of B(OPh)3 (lOlmg, 0.35mmol), powdered 4 A molecular sieves (1.0 g), and a 
further 5 mL of dry CH2CI2. The resulting suspension was stirred under nitrogen for 1 h at 
room temperature. Subsequently, the mixture was cooled to 0 °C, and a solution of N- 
benzylidenebenzylamine 2.12a (6 8 mg, 0.35mmol) in dry CH2CI2 (lmL) was added, after 
which the solution turned yellow. The reaction was stirred for a further 10 min at 0 °C 
before cooling to -78 °C, followed by dropwise addition of a solution of Danishefsky’s 
diene 2.13 (0.084 mL, 0.42 mmol) in dry CH2CI2 (1 mL). The reaction mixture was stirred 
at -78 °C for a further 5 hours, after which it was allowed to warm to room temperature, 
followed by filtration of the powdered 4 A molecular sieves, and washing with water and 
NaHCC>3 (aq). The organic layer was then dried (MgSC^), and the solvent removed in 
vacuo to afford a crude product that was purified by chromatography over silica gel 
(EtOAc:petrol 55:45) to afford pure dihydropyridone (R)-2.14a as an orange oil in 63% 
yield. The enantiomeric excess of (R)-2.14a was determined via chiral HPLC analysis over 
a 25 cm x 0.46 cm Daicel CHIRALPAK AD column using a mixed «-hexane//-PrOH (95:5) 
solvent system at a flow rate of 1.0 mL/min, which gave baseline resolution with retention 
times for (R)-2.14a of 33 min and for (5)-2.14a of 36 min. The enantiomeric excess 
obtained under these conditions was 77%. All other reactions for the formation of 
dihydropyridone (R)-2.14a were carried out in the same manner, by simply varying the 
number of equivalents of reagent as appropriate. The use of 10% mol of boron reagent (R)- 
2.11a prepared using (R)-BINOL (/?)-2.10 (10 mg, 0.035 mmol) and B(OPh)3 (lOmg, 
0.035mmol) resulted in the formation of dihydropyridone 2.14a in <5% yield (calculated by 
’H NMR using 2,5-dimethylfuran as internal standard (see page 167). The reaction was 
carried out twice to confirm this result).
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- Nonlinear Effect Studies Using Boron Reagent (R)-2.11a Formed with 1 Equivalent of 
(R)-BINOL of Different Enantiopurities and 1 Equivalent of B(OPh)3
The reactions were carried out according to the general procedure described above, using 
(^)-BINOL (7?)-2.10 of different enantiopurities (ranging from 0 to 100% ee), prepared by 
mixing the required amounts of (i?)-BINOL and (rac)-BINOL to have 100 mg (0.35 mmol) 
of (/?)-BINOL of the desired enantiopurity. A sample of the solution of (/?)-BINOL in dry 
CH2CI2 was taken prior to use, and its enantiomeric excess verified by chiral HPLC analysis 
over a 25 cm x 0.46 cm Daicel CHIRALCEL OJ column using a solvent system of 82:18 n- 
hexane:/-PrOH and a flow rate of 1.0 mL/min, which gave base line resolution with 
retention times for (i?)-BINOL of 13 min, and for («S)-BINOL of 18 minutes. 
Dihydropyridone (i?)-2.14a obtained in each reaction was chromatographed and its 
enantiomeric excess determined by chiral HPLC using the conditions mentioned above. The 
results obtained in this study are summarised in the table below. Each reaction was carried 
out twice, with yields of dihydropyridone 2.14a between 50-63%.
ee of (/?)- 
BINOL (%)a








* The %ee was determined by chiral HPLC.
- Synthesis of l-Benzyl-2R-phenyl-2,3-dihydro-lH-pyridin-4-one (R)-2.14a Using Boron 
Reagent (R)-2.11b Formed with 2 Equivalents of (R)-BINOL and 1 Equivalent of 
B(OPh)3
This reaction was carried out in the same way as the general procedure described above, but 
using 2 equivalents of (i?)-BINOL (/?)-2.10 (200 mg, 0.70 mmol) .3 Dihydropyridone 2.14a 
was obtained in 50% yield after chromatographic purification and in 81% ee.
- Nonlinear Effect Studies Using Boron Reagent (R)-2.11b Formed with 2 Equivalents of 
(R)-BINOL of Different Enantiopurities and 1 Equivalent of B(OPh)3
The experimental procedure was carried out in an identical way as the nonlinear effect 
studies described above, but this time calculating the amounts of (i?)-BINOL and (rac)- 
BINOL required to have 200 mg (0.70 mmol) of (J?)-BINOL of the desired enantiopurity.
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The results obtained in this study are summarised in the table below (average of two 
different reactions). The yields of dihydropyridone 2.14a were between 50-55%.
ee of (/?)- 
BINOL (%)a








" The %ee was determined by chiral HPLC.
- Nonlinear Effect Studies Using Boron Reagent (R)-2.11b Formed with 2 Equivalents of 
(R)-BINOL of Different Enantiopurities and 1 Equivalent of B(OMe) 3  
This study was carried out in identical way as above, preparing boron reagent (i?)-2.11b by 
reaction of scalemic (K)-BINOL (7?)-2.10 (200 mg, 0.70 mmol) (prepared in the same way 
as above) with B(OMe)3 (6 8  mg, 0.04 mL, 0.35 mmol) in 3 mL of CH2CI2 at reflux for 2.5 h 
with removal of MeOH (4 A molecular sieves (pellets) in a Soxhlet thimble), followed by 
the general procedure.3 The results obtained are summarised in the table below (average of 
two different reactions). The yields of dihydropyridone 2.14a obtained using this protocol 
were between 55-67%.
ee of (/?)- 
BINOL (%)a








* The %ee was determined by chiral HPLC.
- Determination of the Reaction Conversion Using 2,5-Dimethylfuran4
A stock solution was prepared by dissolving 85 mg (0.88 mmol) of 2,5-dimethylfuran in 30 
mL of CDCI3 . 3 mL of this solution (0.088 mmol of 2,5-dimethylfuran) corresponding to 25 
%mol of the theoretical yield of the reaction were added to a stoppered round bottomed 
flask containing a crude reaction product. The mixture was stirred overnight at room 
temperature. The conversion for each reaction was calculated by comparing the integration 
of the two doublets of doublets at 8H 2.69 and 2.84 ppm corresponding to the two H(3) 
protons of dihydropyridone 2.14a, with the integration of the singlet of 2,5-dimethylfuran at
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8h 2.17 ppm corresponding to its six methyl protons, and the singlet at 8h 5.76 ppm 
corresponding to its two aryl protons. The reaction conversions calculated after a reaction 
time of 2.5 h were 36%, 56% and 50%, using B(OPh)3, boron reagent (7<!)-2.11a and boron 
reagent (i?)-2.11b respectively.
- Procedure Employed to Prepare the Different Solutions of Boron Reagent (R)-2.11a 
Derived From (R)-BINOL of 50% ee and B(OPh) 3  in the Experiment Carried Out to 
Prove the Dynamic Ligand Exchange
A solution of (rac)-BINOL (rac)-2.10 (50 mg, 0.175 mmol) and B(OPh)3 (50.5 mg, 0.174 
mmol) in 5 mL of dry CH2CI2 was stirred for 1 h at room temperature before being added 
via cannula to a pre-stirred solution (1 h at room temperature) of (/?)-BINOL (^)-2.10 (50 
mg, 0.175 mmol) and B(OPh)3 (50.5 mg, 0.174 mmol) in 5 mL of dry CH2CI2 in the 
presence of powdered 4 A molecular sieves. The reaction was subsequently carried out 
according to the general procedure. Alternatively, the same final solution was prepared by 
by addition of a pre-stirred solution of (S)-BINOL (S)-2.10 (25 mg, 0.09 mmol) and 
B(OPh)3 (30 mg, 0.105 mmol) in 3 mL of dry CH2CI2 to a solution of (i?)-BINOL (75 mg, 
0.26 mmol) and B(OPh)3 (71 mg, 0.245 mmol) in 7 mL of dry CH2CI2 in the presence of 
powdered 4 A molecular sieves. Dihydropyridone (/?)-2.14a was obtained in 55% yield and 
39% ee, and in 51% yield and 41% ee respectively.
- 5-Component Synthesis of l-Benzyl-2R-phenyl-2,3-dihydro-lH-pyridin-4-one (R)-2.14a 
Using Boron Reagent (R)-2.11b (Formed with B(OMe)3)
Boron reagent (i?)-2.11b was prepared using (/?)-BINOL (/?)-2.10 (145 mg, 0.50 mmol) and 
B(OMe)3 (26 mg, 0.28 mL, 0.25 mmol) under otherwise identical conditions to the general 
protocol. Benzaldehyde (27 mg, 0.03 mL, 0.25 mmol) and benzylamine (27 mg, 0.25 
mmol) were then added and the reaction stirred for 1 h at room temperature. The reaction 
was then cooled to -78 °C and a solution of Danishefsky’s diene 2.13 (0.06 mL, 0.3 mmol) 
in dry CH2CI2 (1 mL) was added dropwise followed by the general procedure. 
Dihydropyridone (i?)-2.14a was obtained in 64% yield and 73% ee using this protocol.
- General Procedure for the Synthesis of l-Benzyl-2R-phenyl-2,3-dihydro-lH-pyridin-4- 
one (R)-2.14a Using a Boron Reagent Formed by Slow Addition of B(OPh) 3  to a Solution 
of (R)-BINOL, Imine 2.12a and Danishefsky’s Diene 2.13
B(OPh)3 (101 mg, 0.35 mmol) was dissolved in 3.5 mL of CH2CI2 (with the aid of a 
sonicator) and the solution added via a syringe pump over varying periods of time to a
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solution of iV-benzylidenebenzylamine 2.12a (6 8 mg, 0.35mmol), Danishefsky’s diene 2.13 
(0.084 mL, 0.42 mmol) and the required amount of (^)-BINOL in dry CH2CI2 (7 mL) at 
-78 °C, followed by the usual work-up. The different sets of experiments carried out using 
this protocol are summarised in the three tables below. The yields of dihydripyridone 2.14a 
obtained in these reactions were between 45-65%.
Table 1 Slow addition of solutions of 1 equivalent of B(OPh)3 over different periods of time to solutions of 0.1 
equivalents of (R)-BINOL, 1 equivalent of imine 2.12a and 1.2 equivalents of Danishefsky’s diene 2.13 at -7 8  °C.
Length of Equiv. of ee of (/?)- 
Addition3 (R)-BINOL 2.14a (%)b
Oh 01 15
1.5 h 0.1 21
5 h 0.1 42
16 h 0.1 47
'  The addition of solutions of B(OPh)3 over long periods of time was 
carried out using a syringe pum p.b The %ee was determined by 
chiral HPLC.
Table 2 Slow addition of solutions of 1 equivalent of B(OPh)3 over 5 h to solutions of 1 equivalent of imine 2.12a, 1.2 
equivalents of Danishefsky’s diene 2.13 and different amounts of (R)-BINOL at -7 8  °C.
Length of Equiv. of ee of (/?)- 
Addition3 (/?)-BINOL 2.14a (%)b
5 h  0~1 42
5 h 0.2 50
5 h 0.5 72
5 h 0.7 76
* The addition of solutions of B(OPh)3 over long periods of time was 
carried out using a syringe pum p.b The %ee was determined by 
chiral HPLC.
Table 3 Slow addition of solutions of 1 equivalent of B(OPh)3 over 16 h to solutions of 1 equivalent of imine 2.12a, 1.2 





ee of (/?)- 
2.14a (%)b
16 h 0.05 28
16 h 0.1 47
16 h 0.2 65
16 h 1 88
* The addition of solutions of B(OPh)3 over long periods of time was 
carried out using a syringe pump. b The %ee was determined by 
chiral HPLC.
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- Other Optimisation Studies
The different variations made with respect to the general procedure and the results obtained 
are summarised in the table below. The boron reagent was prepared using B(OMe)3 (6 8  mg, 
0.04 mL, 0.35 mmol) unless otherwise stated. The reaction was also carried out on a four 
times larger scale using (/?)-BINOL (2 equiv.) and B(OMe)3 (1 equiv.) to prepare boron 
reagent (/?)-2.11b, and samples taken, quenched and worked-up after 0.5 h, 1 h, 2.75 h and 
5 h. However, the enantiomeric excesses of dihydropyridone (/?)-2.14a obtained in this 










ee of (/?)- 
2.14a (%)b
5a 1.2 10 min 5 h 85
5 1.2 4 h 5 h 84
5 1.2 4 h 30 min 72
2 1.2 4 h 5 h 88
2 1.2 6 days 5 h 87
2 1.2 4 h lOh 84
2 1.2 4 h 20 h 86
2 1.2 4 h 10 min 59
2 3 4 h 8 h 77
a B(OPh)3 (101 mg, 0.35mmol) was used to prepare the boron reagent.
6.2.2 Characterisation o f  the Synthesised Compounds
Ph
N-Benzylidenebenzylamine 2.12a2,3
A solution of benzaldehyde 2.4 (399 mg, 0.38 mL, 3.76 mmol) and benzylamine 2.15 (403 
mg, 3.76 mmol) in dry THF (38 mL) was stirred under nitrogen at room temperature for 5 h 
in the presence of MgSCU. The solution was then filtered and the solvent evaporated under 
reduced pressure to give A-benzylidenebenzylamine 2.12a as a viscous yellow oil in 
quantitative yield. Sa (300 MHz; CDC13), 4.78 (2H, s, C//2Ph), 7.20-7.40 (8H, m, ArH), 
7.74-7.79 (2H, m, Ar//), 8.34 (1H, s, //C=N). These data were in accordance with previous 
data reported in the literature.





Rt 0.25 (EtOAc:petrol 60:40); [a]25 -8.5 (c 0.965, CHC13), for 83% ee (lit.,2 [a]24 -4.7 (c
1.000, CHCI3), for 82% ee); vjn^filmycm"1 1638 (a,(3-unsaturated C=0) (lit.,2 
^ (n eatycm '1 1640); Sa (400 MHz; CDC13) 2.69 (1H, dd, J  16.5, 8.1, PhCHC//AHBCO), 
2.84 (1H, dd, J  16.5, 7.1, PhCHCHA//BCO), 4.12 (1H, d, Jgem 15.0, C77AHBPh), 4.34 (1H, d, 
Jgem 15.0, CHA//BPh), 4.50 (1H, app. t, J  7.6, PhC//CHAHBCO), 5.09 (1H, d, J  7.6, 
COC/7=CH), 7.12-7.14 (2H, m, COCH=CH + ArH), 7.24-7.40 (9H, m, ArH); 5c (75.5 
MHz; CDCI3) 44.1 (CH2CO); 57.7 (CHPh), 61.1 (NCH2Ph), 99.1 (COCH=CH), 127.5,
128.1, 128.6, 128.7, 129.3, 129.4, 136.3, 139.0, 154.6 (COCH=CH), 190.8 (OO ); m/z (El) 
263 (16%, M+), 235 (8 , M -  CO), 172 (5, M -  C7H7), 91 (100, C7H7), 77 (27, C6H5), 65 (34, 
C5H5); (Found (ES): (M+H)+, 264.1383. C18H17NO requires M+H, 264.1383). These data 
were in accordance with previous data reported in the literature.
6 .3  Experimental of C hap ter 3
6.3.1 NMR Experiments to Isolate the Complex Formed Between the Chiral 
Boron Reagent and the Imine
- Complex Formed Using 1 Equivalent of B(OPh) 3  or B(OMe)3 , 1 Equivalent of (R)- 
BINOL and 1 Equivalent of Imine 3.7.
(tf)-BINOL (32 mg, 0.11 mmol), B(OPh) 3 (33mg, 0.11 mmol) or B(OMe)3 (0.01 mL, 0.11 
mmol), and powdered 4 A molecular sieves were mixed in dry CH2C12 (1 mL), and the 
resulting suspension stirred under a nitrogen atmosphere for 1 h at room temperature. The 
mixture was then cooled to 0 °C, and a solution of A-benzylidenebenzylamine 3.7 (22 mg, 
0.11 mmol) in dry CH2C12 (lmL) was added, after which the solution turned yellow. After 
10 min at the same temperature, the mixture was filtered using a plugged pipette, the 
solvent evaporated in vacuo, and the solid obtained analysed by ]H NMR in CDCI3 .
- Complex Formed Using 1 Equivalent of B(OPh) 3  or B(OMe)3> 2 Equivalents of (R)- 
BINOL and 1 Equivalent of Imine 3.7.




6.3.2 General Procedure fo r  the Synthesis o f  Boronates with an Intramolecular 
Imino N —>B Coordinate Bond
A solution of the corresponding diol (1 equiv.), 2-formylphenylboronic acid 3.9 (1 equiv.), 
and the corresponding amine (1 equiv.) in dry THF (0.1M scale reaction) was stirred under 
a nitrogen atmosphere at room temperature for 3-5 h. The solvent was then evaporated 
under reduced pressure to give a yellow oil that could depending on the substrate be 
crystallised from CHCl3/«-hexane or «-hexane.
6.3.3 Characterisation o f  the Synthesised Boronates with an Intramolecular 
Imino N —+B Coordinate Bond
(E)-N-(2-(5,5-Dimethyl-l,3,2-dioxaborinan-2-yl)benzylidene)(phenyl)methanamine 3.11 
The title compound was synthesised according to the general procedure using 2,2-dimethyl-
1,3-propanediol 3 .8  (254 mg, 2.44 mmol), 2-formylphenylboronic acid 3 .9  (366 mg, 2.44 
mmol), benzylamine 3 .1 0  (288 mg, 2.68 mmol), and dry THF (24 mL). The residue 
obtained after evaporation of the solvent was crystallised from CHCl3/«-hexane to give the 
boronate (626 mg, 84%) as white needles, mp 95-97 °C; v'max(KBr)/cm"1 1633 (C=N), 1349 
(B-O); Sa (300 MHz; CDC13) 1.00 (6 H, s, CH3C), 3.53 (4H, s, CH2O), 4.89 (2H, d, J  1.0, 
C//2Ph), 7.27-7.41 (7H, m, ArH), 7.54 (1H, d, J7.5, ArH), 7.61 (1H, d, J7.2, ArH), 8.34 
(1H, s, HC=N); Sc (75.5 MHz; CDC13) 22.6 (CH3), 32.2 (CH3C), 61.8 (CH2Ph), 72.4 
(CH20), 127.8, 127.9, 128.9, 129.1, 131.5, 132.0, 138.0, 139.2, 164.7 (C=N); 4  (96 MHz; 
CDC13) 23.9; m/z (El) 307 (61%, M+), 306 (64, M -  H), 292 (31, M -  Me), 91 (100, C7H7), 
65 (14, C5H5); (Found (El): M+, 307.1741. Ci9H22BN02 requires M, 307.1744); (Found: C, 
73.9; H, 7.10; N, 4.55. C19H22BN02 requires C, 74.3, H, 7.22; N, 4.56%).
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(S )-3 .13  (R)-3 .13
(S,E)~ and (R,E)-N-(2-(5,5-Dimethyl-l,3,2-dioxaborinan-2-yl)benzylidene)-l- 
phenylethanamine (S)-3.13 or (R)-3.13 
The title compounds were synthesised according to the general procedure using 2,2- 
dimethyl-1,3-propanediol 3.8 (208 mg, 2.00 mmol), 2-formylphenylboronic acid 3.9 (300 
mg, 2.00 mmol), (S)- or (/?)-l-phenylethylamine (S)- or (i?)-3.12 (267 mg, 2.20 mmol), and 
dry THF (20 mL). The residues obtained after evaporation of the solvent were crystallised 
from «-hexane to give the boronate (414 mg, 64% for (<S)-3.13) and (301 mg, 47% for (R)- 
3.13) as light yellow solids, mp 51-52 °C; (S)-3.13 [a]2D5 +27 (c 1.000, CHC13), (R)-3.13
[a]25 -27 (c 1.000, CHC13); vmax(™ r)/cm ] 1639, 1633 (C=N), 1372 (B-O); Sa (300 MHz; 
CDCI3) 1.00 (6 H, s, CH3C), 1.64 (3H, d, J6.7, CH3CH), 3.55 (2H, d, Jgem 11.0, C/7aHbO), 
3.61 (2H, d, Jgem 11.0, CHa/ /bO), 4.69 (1H, q, J  6 .6 , CtfCH3), 7.21-7.27 (1H, m, ArH), 
7.31-7.42 (6 H, m, ArH), 7.59-7.61 (1H, m, ArH), 7.64-7.67 (1H, m, ArH), 8.58 (1H, s, 
//C=N); Sc (75.5 MHz; CDC13) 22.5 (CH3C), 24.4 (CH3CH), 32.0 (CH3Q , 67.8 (CHCH3),
72.4 (CH20), 127.2, 128.5, 128.7, 128.8, 128.9, 129.4, 130.4, 132.9, 140.3, 145.1, 161.9 
(C=N); Sb (96 MHz; CDC13) 28.6; m/z (El) 321 (20%, M+), 320 (31, M -  H), 306 (37, M -  
Me), 105 (100, C8H9), 77 (24, C6H5); (Found: C, 74.6; H, 7.62; N, 4.42. C20H24BNO2 
requires C, 74.8, H, 7.53; N, 4.36%).
(E)-N-(2-(5,5-Dimethyl-l,3,2-dioxaborinan-2-yl)benzylidene)benzenamine 3.15 
The title compound was synthesised according to the general procedure using 2,2-dimethyl-
1,3-propanediol 3.8 (208 mg, 2.00 mmol), 2-formylphenylboronic acid 3.9 (300 mg, 2.00 
mmol), aniline (205 mg, 0.2 mL, 2.20 mmol), and dry THF (20 mL). Evaporation of the 
solvent gave the boronate (580 mg, 99%) as a brown oil; Fmax(CHCl3)/cm'1 1626 (C=N), 
1303 (B-O); Sa (300 MHz; CDC13) 1.08 (6H, s, CH3C), 3.80 (4H, s, CH20), 7.15-7.28 (3H, 
m, ArH), 7.40-7.51 (4H, m, ArH), 7.75-7.78 (1H, m, ArH), 7.96-7.99 (1H, m, ArH), 8.89
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(1H, s, //C=N); <5t (75.5 MHz; CDC13) 22.2 (CH3), 32.0 (CH3C), 72.7 (CH20), 121.3, 126.0,
128.5, 129.3, 129.5, 129.8, 130.7, 133.7, 140.5, 152.2, 162.3 (O N ); (96 MHz; CDC13)
30.1; m/z (El) 293 (38%, M+), 278 (29, M -  Me), 181 (100, M -  C5H10BO2), 77 (56, C6H5), 
51 (25, C4H3); (Found (El): M+, 293.1592. C18H20BNO2 requires M, 293.1587).
(E)-N-(2-((4R,5R)-4,5-Dimethyl-l,3,2-dioxaborolan-2-yl)benzylidene)(phenyl)methana-
mine (R,R)-3.17
The title compound was synthesised according to the general procedure using (2R,3R)-(-)-
2,3-butanediol (i?,/?)-3.16 (24mg, 0.27 mmol), 2-formylphenylboronic acid 3 .9  (40 mg, 0.27 
mmol), benzylamine 3 .1 0  (31mg, 0.29 mmol), and dry THF (3 mL). The residue obtained 
after evaporation of the solvent was recrystallised from «-hexane to give the boronate (17 
mg, 22%) as a light yellow solid, vmax(CHC\3)/cm ] 1635 (C=N), 1375 (B-O); (300
MHz; CDC13) 1.32 (3H, d, J  1.7, CFF3CH), 1.33 (3H, d, J  1.7, CFF3CH), 3.84-3.90 (2H, m, 
C//CH3), 4.80 (1H, d, Jgem 16.3, CF/AHePh, with small coupling to the imine proton of J  
1.6), 4.87 (1H, d, Jgem 16.3, CHAFFBPh, with small coupling to the imine proton of J  1.6), 
7.18-7.24 (1H, m, ArH), 7.29-7.46 (7H, m, ArH), 7.60 (1H, d, J  6 .6 , ArH), 7.87 (1H, s, 
HC=N); 6c (75.5 MHz; CDC13) 20.0 (CH3), 53.8 (CH2Ph), 79.0 (CHO), 126.0, 127.8, 128.4, 
129.2, 129.6, 130.7, 133.0, 134.5, 137.7, 166.6 (C=N); (96 MHz; CDC13) 17.2; m/z (El)
293 (5%, M+), 292 (12, M -  H), 249 (93, M -  C2H40), 91 (100, C7H7), 65 (21, C5H5); 
(Found: C, 73.7; H, 6.93; N, 4.82. Ci8H20BNO2 requires C, 73.7, H, 6 .8 8 ; N, 4.78%).
(4S,5S)- and (4R,5R)-Dimethyl 2-(2-((E)-(benzylimino)methyl)phenyl)-l,3,2-dioxaborola- 
ne-4,5-dicarboxylate (S,S)-3.19 or (R,R)-3.19
The title compounds were synthesised according to the general procedure using dimethyl D- 
tartrate (*S,5)-3.18 or dimethyl L-tartrate (7?,i?)-3.18 (356 mg, 2.00 mmol), 2- 
formylphenylboronic acid 3 .9  (300 mg, 2.00 mmol), benzylamine 3 .1 0  (236 mg, 2.20 
mmol), and dry THF (20 mL). The residues obtained after evaporation of the solvent were
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recrystallised from w-hexane to give the boronate (575 mg, 75% for (SJS)-3.19) and (625 
mg, 82% for (i?,i?)-3.19) as light yellow solids, mp 110-112 °C; (S,S)-3.19 [cc]d +84 (c
1.000, CHClj), (R,R)-3.19 [a]„ -84 (c 1.000, CHC13); vmax(KBr)/crn' 1743, 1738, 1732
(C=0), 1634 (C=N), 1352 (B-O); 4  (300 MHz; CDC13) 3.84 (6 H, s, C 02CH3), 4.78 (1H, d, 
Jgem 16.6, C//aHbP1i, with small coupling to the imine proton of J  1.5), 4.88 (2H, s, CHO), 
4.96 (1H, d, Jgem 16.6, CHaT/bPF, with small coupling to the imine proton of J  1.5), 7.20- 
7.25 (1H, m, ArH), 7.28-7.49 (7H, m, ArH), 7.62 (1H, d, J7.1, ArH), 7.87 (1H, s, HC=N); 
Sc (75.5 MHz; CDC13) 52.8 (C02CH3), 52.9 (C02CH3), 78.0 (CHO), 126.5, 128.4, 129.0,
129.7, 130.2, 131.2, 134.2, 134.3, 137.6, 169.3 (C=N), 173.6 (C=0); Sq (96 MHz; CDC13) 
16.1; m/z (El) 381.2 (19%, M+); 322.1 (19, M -  COCH3), 236.1 (52, M -  H -  
(CHCOOCH3)2), 91.1 (100, C7H7); (Found (ES): (M+H)+, 382.1459. C2oH20BN06 requires 
M+H, 382.1456); (Found: C, 63.5; H, 5.52; N, 3.83. C2oH20BN06 requires C, 63.0, H, 5.29; 
N, 3.67%).
(rac)-3.1 (S)-3.1 (R )-3.1
(E)-N-(2-Naphtho[15,10,l,2-dej][l,3,2]dioxaborepin-4-yl)benzylidene)(phenyl)methana-
mine (rac)-3.1, (S)-3.1 or (R)-3.1
The title compounds were synthesised according to the general procedure using (rac)-, (5)-, 
or (i?)-BINOL 3.20 (700 mg, 2.44 mmol), 2-formylphenylboronic acid 3.9 (366 mg, 2.44 
mmol), benzylamine 3.10 (288 mg, 2.68 mmol), and dry THF (24 mL). The residues 
obtained after evaporation of the solvent were recrystallised from CHCl3/«-hexane to give 
the corresponding boronate (1063 mg, 89%) as a light yellow, mp 155 °C (dec.); (S)-3.1 
[ccg +485 (c 1.000, CHC13), (tf)-3.1 [a£ 5 -481 (c 1.000, CHC13); i/m^KBrycrn'1 1631 
(C=N), 1335 (B-O); Sn (300 MHz; CDC13) 4.60 (2H, d, J  1.5, Ctf2Ph), 7.02 (1H, d, J6.9, 
ArH), 7.18-7.46 (16H, m, ArH), 7.85-7.93 (5H, m ArH); Sc (75.5 MHz; CDC13) 53.9 
(CH2Ph), 123.2, 123.5, 123.7, 123.8, 125.6, 125.8, 127.5, 127.6, 128.2, 128.3, 128.5, 129.3,
129.4, 129.5, 129.8, 130.6, 134.1, 137.2, 154.4, 154.6, 168.8 (C=N); Sq (96 MHz; CDC13) 
14.1; m/z (El) 489.2 (20%, M+), 286.1 (100, C20H]4O2), 292.1 (31, M -  Me), 91.0 (35, 
C7H7); (Found (El): IVT, 489.1901. C34H24BN02 requires M, 489.1900).
- 17 5 -
Chapter 6 Experimental
6.3.4 General procedure fo r  the synthesis o f  2-Benzyl-l,3-dialkyl-2,3-dihydro- 
lH-benzo[cj[l,2Jazaboroles
A solution of boronate 3.11 (100 mg, 0.325 mmol) and RMgX (1.625 mmol) in dry THF (5 
mL) was stirred under nitrogen at -78 °C for 5 h. The reaction mixture was then allowed to 
warm to room temperature, diluted with CHCI3, and washed with NaHCC>3 (sat.). The 
organic phase was dried (MgSC^), filtered and concentrated under reduced pressure to give 
a yellow oil.
6.3.5 Characterisation o f the Synthesised 2-Benzyl-l,3-dialkyl-2f3-dihydro-lH- 
benzo[c][lf2]azaboroles
2-Benzyl-l,3-dimethyl-2,3-dihydro-lH-benzo[c][l,2]azaborole 3.2 7a
The title compound was synthesised according to the general procedure using MeMgBr 
(0.54 mL of a 3M solution in Et2 0 ). Evaporation of the solvent gave the azaborole (70 mg, 
92%) as a yellow oil, Vm^filniycnT1 no bands corresponding to an imine or a hydroxyl 
group; Sh (300 MHz; CDC13) 0.79 (3H, s, CH3B), 1.36 (3H, d, J6.7, C//3CH), 4.18 (1H, q, 
J 6 .7, CHCH3), 4.37 (1H, d, Jgem 15.5, CHAUB?h), 4.85 (1H, d, Jgem 15.5, CHAtfBPh), 7.24- 
7.44 (8H, m, ArH), 7.72-7.75 (1H, m, ArH); Sc (75.5 MHz; CDC13) 19.5 (CH3CH), 48.1 
(CH2Ph), 61.3 (CHCH3), 121.8, 126.7, 127.3, 127.7, 128.8, 129.0, 130.4, 140.3, 156.0; Sq 
(96 MHz; CDC13) 45.3; m/z (El) 235 (50%, M+), 220 (100, M -  Me), 91 (49, C7H7); (Found 
(El): M+, 235.1532. Ci6H18BN requires M, 235.1532).
2-Benzyl-l,3-diethyl-2,3-dihydro-lH-benzo[c][lf2]azaborole 3.27b
The title compound was synthesised according to the general procedure using EtMgBr (1.62 
mL of a 1M solution in THF). Evaporation of the solvent gave the azaborole (64 mg, 75%) 
as a yellow oil, ^^(filmycm '1 no bands corresponding to an imine or a hydroxyl group; Sq 
(400 MHz; CDC13) 0.41 (3H, t, J7.4, C//3CH2CH), 1.25 (3H, distorted t, J7.8, CH3CH2B),
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1.36 (2H, distorted q, y  7.8, BC//2CH3), 1.81-2.04 (2H, m, CHC//2CH3), 4.12 (1H, d, Jgem
15.4, CtfAHBPh),, 4.21-4.24 (1H, m, CHCH2), 4.83 (1H, d, Jgem 15.4, CHA//BPh), 7.20-7.36 
(8H, m, ArH), 7.78-7.80 (1H, m, ArH); Sc (75.5 MHz; CDC13) 5.9 (CH3CH2CH), 10.2 
(CH3CH2B), 23.0 (CH3CH2), 47.8 (CH2Ph), 64.6 (CHCH2), 121.9, 126.5, 127.3, 127.8,
128.8, 128.9, 129.6, 130.7, 140.2, 154.0; Sq (96 MHz; CDC13) 46.2; m/z (El) 263 (8%, M+), 
234 (100, M -  Et), 206 (85, M -  C4H9), 91 (46, C7H7); (Found (El): M+, 263.1857. 
C]gH22BN requires M, 263.1845).
2-Benzyl-lf3-diisopropyl-2,3-dihydro-lH-benzo[c][l,2]azaborole 3.27c
The title compound was synthesised according to the general procedure using /-PrMgCl 
(0.81 mL of a 2M solution in THF). Evaporation of the solvent gave the azaborole (74 mg, 
76%) as a yellow oil, ^^(nea^/cm '1 no bands corresponding to an imine or a hydroxyl 
group; Sn (300 MHz; CDC13) 0.39 (3H, d, J7.0, CHCH(Ctf3)A(CH3)B), 1.13 (3H, d, J7.0, 
CHCH(CH3)a(C//3)b), 1.28 (3H, d, J  7.4, BCH(Ci/3)A(CH3)B) 1.29 (3H, d, J  7.4, 
BCH(CH3)a(C7/3)b), 1.72 (1H, sept, J  7.3, BC//(CH3)2), 2.36 (1H, septd, J  3.5 and 7.0, 
CHC//(CH3)2), 4.04 (1H, d, J3.5, C77CH(CH3)2), 4.21 (1H, d, Jgem 15.6, C//AHBPh), 4.85 
(1H, d, Jgem 15.6, CHA/7BPh), 7.17-7.34 (8H, m, ArH), 7.85-7.87 (1H, m, Artf); Sq (75.5 
MHz; CDC13) 14.7 (CH3CHB), 14.8 (CH3CHB), 20.2, 20.4, 20.5, 28.2 (CHCH(CH3)2), 48.0 
(CH2Ph), 69.5 (CHCH(CH3)2), 123.3, 126.4, 127.3, 127.8, 128.0, 128.9, 129.5, 131.3,
140.1, 153.0; Sq (96 MHz; CDC13) 46.1; m/z (El) 291 (22%, M+), 248 (89, M -  /-Pr), 206 
(100, M -  C6H13), 91 (39, C7H7); (Found (El): M+, 291.2167. C20H26BN requires M, 
291.2158).
2-Benzyl-l,3-dicyclohexyl-2,3-dihydro-lH-benzo[c][l,2]azaborole 3.27d
The title compound was synthesised according to the general procedure using cycMgCl 
(0.81 mL of a 2M solution in Et20). Evaporation of the solvent gave the azaborole (89 mg,
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74%) as a yellow oil, v'max(neat)/cm'1 no bands corresponding to an imine or a hydroxyl 
group; Sa (400 MHz; CDC13) 0.26 (1H, app. qd, J  12.7 and 3.5, BC//C5H10), 0.82-1.83 
(19H, m, CHC5/ / 10), 1.94 (1H, app. tq, J  12.1 and 3.1, CHC//C5H10), 4.00 (1H, d, J3.1, 
Ctfcyc), 4.24 (1H, d, Jgem 15.6, C//AHBPh), 4.86 (1H, d, Jgem 15.6, CUAHB?h), 7.17-7.44 
(9H, m, ArH), 7.87-7.92 (1H, m, ArH); Sc (75.5 MHz; CDC13) 26.9, 27.2, 27.6, 27.8, 28.4,
30.0, 30.1, 31.0, 48.2 (CH2Ph), 69.3 (CHcyc), 123.3, 126.2, 127.2, 127.7, 127.9, 128.8,
129.5, 131.3, 140.1, 153.7; Sq (96 MHz; CDCI3) 43.4; m/z (El) 371 (24%, M+), 288 (25, M
-  eye), 206 (47, M -  Ci2H21), 91 (73, C7H7), 84 (100, C6H12); (Found (El): M+, 371.2793. 
C26H34BN requires M, 371.2784).
6.3.6 Suzuki Couplings Between 3.27a and 4-Iodotoluene
- Suzuki Coupling in MeOH
To a solution of azaborole 3 .2 7 a  (100 mg, 0.425 mmol), 4-iodotoluene (102 mg, 0.47 
mmol) and CsF (357 mg, 2.35 mmol) in MeOH/THF (2 mL, 1:1), was added Pd(PPh3)4 (23 
mg, 0.02 mmol), and the reaction refluxed at 100 °C under nitrogen for 5 h. The solvent 
was then evaporated under reduced pressure, and the crude reaction product diluted with 
water and extracted with CH2C12. The organic layer was then dried (MgS04), filtrated and 
evaporated in vacuo to give a brown oil. ’H NMR analysis of the crude reaction product 
revealed the formation of 3 .3 0  in approximately 50% yield.
- Suzuki Coupling in the Presence o f 2M Na2 COi/NaOH
To a solution of azaborole 3 .2 7 a  (100 mg, 0.425 mmol), 4-iodotoluene (102 mg, 0.47 
mmol) and Pd(PPh3)4 (54 mg, 0.05 mmol) in DME (5 mL), was added 2 M Na2C03 (2mL, 4 
mmol), and the reaction refluxed at 100 °C under nitrogen for 5 h. After that time, the 
reaction mixture was allowed to cool to room temperature, NaOH (206 mg, 5.15 mmol) 
added and the reaction stirred overnight at room temperature. Then, CsF (600 mg, 3.9 
mmol) was added and the reaction mixture refluxed at 100 °C for 5 h. The reaction mixture 
was then allowed to cool to room temperature, water added, and the product extracted with 
CH2C12. The organic layer was subsequently washed with brine, dried (MgS04), filtrated, 
and evaporated in vacuo to give a brown oil. !H NMR analysis of the crude reaction product 
revealed the formation of 3 .3 0  in approximately 75% yield.
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6.3.7 Characterisation o f the Different Intermediates fo r  the Synthesis o f  3.30
CHO
4 -Methyl-biphenyl-2-carbaldehyde 3.315,6 
The title compound was synthesised by adaptation of a protocol described in the literature.7 
Thus, to a solution of 2-formylphenylboronic acid 3.9 (300 mg, 2.00 mmol), 4-iodotoluene 
(363 mg, 1.66 mmol) and CsF (911 mg, 6.00 mmol) in DME (7 mL), was added Pd(PPh3)4 
(56 mg, 0.05 mmol), and the reaction refluxed at 100 °C under nitrogen for 16 h. The 
reaction mixture was then cooled to room temperature, diluted with EtOAc and washed 
with water. The organic layer was dried (MgS04), filtrated, and evaporated in vacuo to give 
4'-methyl-biphenyl-2-carbaldehyde as a brown oil (294 mg, 90% yield), v'max(film)/cm'1 
1689 (a-aryl C=0); £ , (300 MHz; CDC13) 2.45 (3H, s, C//3), 7.36-7.73 (7H, m, Ar//), 8.02-
8.04 (1H, m, Ar//), 10.00 (1H, s, HC=0); Sc (75.5 MHz; CDC13) 21.6 (CH3), 127.9, 129.6,
128.9, 130.5, 131.2, 134.0, 134.1, 135.2, 138.4, 146.4, 192.9 (C=0); m/z (El) 196 (55%, 
M+), 181 (100, M -  Me), 152 (63, M -  Me -CHO), 77 (17, C6H5), 51 (20, C4H3); (Found 
(El): M+, 196.0888. Ci4Hi2 0  requires M, 196.0888). These data were in accordance with 
previous data reported in the literature.
Benzyl-(4 -methyl-biphenyl-2-ylmethylene)-amine 3.32 
A solution of 4'-methyl-biphenyl-2-carbaldehyde 3.31 (320 mg, 1.63 mmol) and 
benzylamine 3.10 (192 mg, 1.79 mmol) in dry THF (16 mL) was stirred under a nitrogen 
atmosphere at room temperature for 12 h. The solvent was then evaporated in vacuo to give 
the imine (403 mg, 87% yield) as a brown/orange oil, ^^(filmycm '1 1637 (C=N); <Sh (300 
MHz; CDC13) 2.36 (3H, s, CH3), 4.64 (2H, s, C//2Ph), 7.15-7.50 (11H, m, Ar//), 7.56-7.63 
(1H, m, Ar//), 8.05-8.08 (1H, m, Ar//), 8.31 (1H, s, HC=N); Sc (75.5 MHz; CDC13) 21.6 
(CH3), 65.5 (CH2Ph), 127.3, 127.8, 128.4, 128.7, 129.0, 129.4, 130.2, 130.6, 132.6, 134.0,
137.0, 137.7, 139.8, 143.5, 162.0 (O N ); m/z (El) 285 (9%, IVT), 284 (49%, M -  H), 270
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(8 %, M -  Me), 194 (20, M -  C7H7), 105 (30, C7H7N), 91 (100, C7H7), 77 (34, C6H5), 65 (19, 
C5H5), 51 (25, C4H3); (Found (El): M+, 285.1479. C2iH19N requires M, 285.1517).
HN
Benzyl-[l-(4 -methyl-biphenyl-2-yl)-ethyl]-amine 3.30
The title compound was synthesised by adaptation of a protocol appeared in the literature.8 
Thus, MeLi (0.88 mL of a 1.6M solution in Et20 , 1.41 mmol) was added dropwise to a 
solution of imine 3.32 (200 mg, 0.70 mmol) and BF3-OEt2 (0.14 mL, 1.12 mmol) in dry 
toluene (16 mL) at -78 °C under a nitrogen atmosphere for 2 min. After stirring for 5 h 30 
min at the same temperature, the reaction was quenched with saturated NaHC0 3 , EtOAc 
added, and the organic layer separated, washed with brine and dried (MgS04). The solvent 
was then evaporated in vacuo to give the amine (168 mg, 79% yield) as a yellow oil, 
vmax(film)/cm‘I 3351 (N-H); Sh (300 MHz; CDC13) 1.30 (3H, d, J6.5, CH3 CH), 2.40 (3H, s, 
C//3Ar), 3.48 (1H, d, Jgem 12.9, C//AHBPh), 4.03 (1H, q, J6 .5 , CHCH3), 3.55 (1H, d, Jgem
12.9, CHA//BPh), 7.09-7.11 (2H, m, Ar//), 7.14-7.45 (9H, m, Ar//), 7.48-7.63 (1H, m, Ar//), 
7.69 (1H, d, J  7.7, Ar//); Sc (75.5 MHz; CDC13) 21.2 (CH3Ar), 23.4 (CH3CH), 51.4 
(CH2Ph), 52.9 (CHCH3), 125.8, 126.5, 126.9, 127.9, 128.2, 128.3, 128.4, 128.6, 128.7,
129.2, 130.0, 132.2, 141.7; m/z (El) 301 (18%, M+), 300 (43%, M -  H), 286 (70%, M -  Me), 
210 (13, M -  C7H7), 196 (54, C]4H]4N), 182 (35, C13H12N), 91 (100, C7H7); (Found (El): 
M+, 301.1821. C22H23N requires M, 301.1830).
6 .4  Experimental of C hap ter 4
6.4.1 General Procedure fo r  the Derivatisation o f  Chiral Amines
The corresponding racemic amine (1 equiv.) was dissolved in a minimum amount of CDCI3 .
2-Formylphenylboronic acid (1.1 equiv.), (5)-BINOL (1.1 equiv.), and more CDCI3  and 4A 
molecular sieves were then added in order to produce a 0.1M solution of the amine. The 
solution was stirred for 30 minutes under an atmosphere of nitrogen, and a sample for JH 
NMR analysis was then directly taken from the solution. When the racemic amine was not 
available, a 50:50 mixture of both enantiomers of the amine was prepared, or alternatively, 
one enantiomer of the amine and racemic BINOL were used. In the case of the 
diastereopure imine complexes, equimolar amounts of all the reagents were used, the
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molecular sieves filtered, and the solvent evaporated in vacuo to dryness to yield a yellow 
solid.
6.4.2 Characterisation o f the Synthesised Compounds
(E,lR)-N-(2-((S)-Naphtho[2,l,2,3-def][l,3,2]dioxaborepin-4-yl)benzylidene)-l-
phenylethanamine (S,R)-4.4a
The title compound was synthesised according to the general procedure using (R)-1- 
phenylethylamine (73 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 mmol), (5)- 
BINOL (172 mg, 0.6 mmol) and CDCI3 (6  mL). Evaporation of the solvent gave a yellow 
solid (273 mg, 90%), mp 195 °C (dec.); [a£ 5 +613 (c 1.010, CHC13); v^K Brycm '1 1622
(C=N); 4  (300 MHz; CDC13) 1.82 (3H, d, J7.0, C//3CH), 4.98 (1H, q, y  7.0, C//CH3), 6.87 
(1H, d, y  7.0, Ar//), 7.10-7.45 (15H, m, Ar//), 7.82-7.90 (5H, m, Ar//), 8.27 (1H, s, HC=N); 
Sc (75.5 MHz; CDC13) 20.7 (CH3CH), 58.6 (CHCH3), 117.8, 121.8, 125.2, 127.1, 127.2,
127.4, 127.5, 127.7, 127.9, 128.1, 128.4, 128.6, 128.7, 128.9, 129.7, 130.3, 133.2, 133.5,
136.9, 140.1, 154.2 (CArO), 154.6 (CArO), 169.1 (C=N); 4  (96 MHz; CDC13) 12.4; m/z (El) 
503 (16%, M4), 286 (13, C2oHI40 2), 268 (30, C20H14O2 -  H20), 239 (35, C20H14O2 -  H20  -  
CHO), 105 (100, C8H9), 103 (27, C8H7), 79 (31, C6H7), 77 (32, C6H5); (Found (El): M4, 
503.2046. C35H26BNO2 requires M, 503.2051).
(E,lS)-N-(2-((S)-Naphtho[2,l,2,3-def][l,3,2]dioxaborepin-4-yl)benzylidene)-l-
phenylethanamine (S,S)-4.4b 
The title compound was synthesised according to the general procedure using (£)-1- 
phenylethylamine (73 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 mmol), (5)- 
BINOL (172 mg, 0.6 mmol) and CDCI3  (6  mL). Evaporation of the solvent gave a yellow
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solid (285 mg, 94%), mp 121 °C (dec.); [a£ 5 +332 (c 1.015, CHC13); w tK Brycm '1 1627
(C=N); Sa (300 MHz; CDC13) 1.61 (3H, d, J 6.9, C//3CH), 5.08 (1H, q, J6.9, C//CH3), 6.85 
(1H, d, J  7.0, Ar//), 7.14-7.50 (16H, m, Ar//), 7.74 (1H, d, J  8.7, Ar//), 7.83-7.92 (3H, m, 
Ar//), 8.09 (1H, s, //O N ); Sq (75.5 MHz; CDC13) 21.3 (CH3CH), 59.0 (CHCH3), 118.2,
122.2, 123.6, 123.7, 125.5, 127.6, 127.6, 128.1, 128.2, 128.5, 129.0, 129.1, 129.3, 129.6,
130.1, 130.7, 133.7, 133.8, 137.0, 139.6, 154.4 (CArO), 154.8 (CArO), 169.2 (C=N); 8 q (96 
MHz; CDC13) 12.2; m/z (El) 503 (34%, M+), 286 (18, C20H14O2), 268 (48, C20H14O2 -  H20), 
239 (37, C20H14O2 -  H20  -  CHO), 105 (100, C8H9), 103 (31, C8H7), 79 (38, C6H7), 77 (40, 
C6H5); (Found (El): M+, 503.2045. C35H26BN02 requires M, 503.2051).
(E,lR)-N-(2-((S)-Naphtho[2,l,2,3-deJ][l,3,2Jdioxaborepin-4-yl)benzylidene)-l- 
(naphthalen-2-yl)ethanamine (S,R)-4. 6a
The title compound was synthesised according to the general procedure using (J?)-l-(2- 
naphthyl)ethylamine (103 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 mmol), 
(5)-BINOL (172 mg, 0.6 mmol) and CDC13 (6  mL). Evaporation of the solvent gave a 
yellow solid (298 mg, 90%), mp 133 °C (dec.); [a]’5 +635 (c 1.020, CHC13); i/max(KBr)/crn
1 1617 (C=N); Sn (300 MHz; CDC13) 1.92 (3H, d, J  7.0, C//3CH), 5.16 (1H, q, J  6.9, 
C//CH3), 6.87 (1H, d, J7.0, Ar//), 7.14-7.49 (13H, m, Ar//), 7.57-7.75 (2H, m, Ar//), 7.81-
7.91 (7H, m, Ar//), 8.29 (1H, s, //C=N); & (75.5 MHz; CDC13) 20.6 (CH3CH), 56.8 
(CHCH3), 117.8, 121.9, 123.0, 123.3, 125.3, 125.7, 125.8, 126.3, 126.4, 127.6, 128.0,
128.1, 128.7, 129.7, 130.3, 132.9, 133.2, 133.5, 136.8, 137.4, 154.2 (CArO), 154.6 (CmO),
169.2 (C=N); Sb (96 MHz; CDC13) 10.6; m/z (El) 553 (9%, M+), 268 (19, C2oH140 2  -  H20), 
239 (26, C20H14O2 -  H20  -  CHO), 155 (100, Ci2Hn), 153 (37, C12H9), 128 (29, C12H„ -  





The title compound was synthesised according to the general procedure using (£)-l-(2- 
naphthyl)ethylamine (103 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 mmoi), 
(*S)-BINOL (172 mg, 0.6 mmol) and CDCI3 (6  mL). Evaporation of the solvent gave a 
yellow solid (294 mg, 89%), mp 136 °C (dec.); [a]̂ 5 +117 (c 1.010, CHC13); vmax(KBr)/cm"
1 1617 (C=N); Sh (300 MHz; CDC13) 1.71 (3H, d, J  6.9, C//3CH), 5.24 (1H, q, J  6 .8 , 
C//CH3), 6.87 (1H, d, J  7.0, Ar//), 7.16-7.26 (5H, m, Ar//), 7.26-7.45 (5H, m, Ar//), 7.50 
(1H, dd, J8.5, 1.8, Ar//), 7.54-7.60 (2H, m, Ar//), 7.65 (1H, d, /8 .7 , Ar//), 7.79-7.93 (8H, 
m, Ar//), 8.11 (1H, s, HC=N); Sc (75.5 MHz; CDC13) 20.9 (CH3CH), 58.7 (CHCH3), 117.2,
121.8, 123.2, 123.4, 125.1, 125.6, 126.7, 126.8, 127.7, 127.8, 128.2, 129.2, 129.7, 130.3,
133.1, 133.3, 133.4, 136.6, 136.7, 154.0 (CArO), 154.4 (CArO), 169.0 (C=N); Sq (96 MHz; 
CDCI3) 11.1; m/z (El) 553 (14%, M+), 286 (5, C2oH]40 2 ), 268 (22, C20H14O2 -  H20), 239 
(34, C2oH1402 -  H20  -  CHO), 155 (100, CI2H„), 153 (38, C12H9), 128 (25, C^H,, -  C2H3); 
(Found (El): M+, 553.2199. C39H28BNO2 requires M, 553.2208).
(E,2R)-N-(2-((S)-Naphtho[2,l,2,3-deJ][l,3,2]dioxaborepin-4-yl)benzylidene)butan-2-
amine (S,R)-4.8a
The title compound was synthesised according to the general procedure using (/?)-2- 
butylamine (44 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 mmol), (S)-BINOL 
(172 mg, 0.6 mmol) and CDCI3  (6  mL). Evaporation of the solvent gave a yellow solid (242 
mg, 89%), mp 138 °C (dec.); [a g  +566 (c 1.015, CHC13); vmax(CHC\3 )/cm ] 1629 (C=N);
Sh (300 MHz; CDC13) 0.73 (3H, t, J7A , C//3CH2), 1.42 (3H, d, J  6.7, C//3CH), 1.48-1.60 
(1H, m, CHC//aHbCH3), 1.73-1.87 ( 1H, m, CHCHaZ/bCH3), 3.65-3.76 (1H, m, 
CH3C//CH2), 6.85 (1H, d, J  6 .6 , Ar//), 7.11-7.23 (3H, m, Ar//), 7.27-7.41 (8H, m, Ar//),
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7.51-7.53 (1H, m, Ar//), 7.81-7.91 (4H, m, Ar//), 8.40 (1H, s, HC=N); 4  (75.5 MHz; 
CDC13) 10.5 (CH3CH2), 20.3 (CH3CH), 30.3 (CH2CH3), 56.2 (CHCH3), 118.2, 123.1,
123.5, 123.6, 123.7, 125.5, 125.6, 126.5, 127.7, 128.1, 128.3, 129.0, 129.3, 130.1, 130.6,
130.7, 133.7, 133.8, 137.3, 154.6 (CArO), 154.9 (CArO), 167.3 (C=N); 4  (96 MHz; CDC13) 
11.0; m/z (El) 455 (100%, M+), 268 (75, C2oH140 2  -  H20), 239 (6 8 , C20H14O2 -  H20  -  




The title compound was synthesised according to the general procedure using (/?)-2- 
butylamine (44 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 mmol), (/?)-BINOL 
(172 mg, 0.6 mmol) and CDCI3 (6  mL). Evaporation of the solvent gave a yellow solid (248 
mg, 90%), mp 131 °C (dec.); [ag5 -595 (c 0.990, CHC13); w ^ H C b V cm '1 1629 (C=N);
4  (300 MHz; CDC13) 0.95 (3H, t, J7.4, C//3CH2), 1.27 (3H, d, J 6 .6 , C/73CH), 1.60-1.74 
(1H, m, CHCi/AHBCH3), 1.93-2.07 (1H, m, CHCHA//BCH3), 3.54-3.65 (1H, m, 
CH3C//CH2), 6 .8 6  (1H, d, J  6.7, Ar//), 7.11-7.23 (3H, m, Ar//), 7.27-7.42 (8H, m, Ar//), 
7.50-7.53 (1H, m, Ar//), 7.81-7.91 (4H, m, Ar//), 8.40 (1H, s, HC=N); 4  (75.5 MHz; 
CDCI3) 11.3 (CH3CH2), 21.9 (CH3CH), 30.1 (CH2CH3), 56.3 (CHCH3), 118.2, 122.2,
123.5, 123.6, 123.7, 123.9, 125.6, 125.7, 126.5, 127.5, 127.7, 128.1, 128.4, 129.3, 130.2,
130.7, 133.7, 133.8, 137.5, 154.6 (CArO), 154.9 (CArO), 167.3 (C=N); 4  (96 MHz; CDC13) 
11.2; m/z (El) 455 (53%, M4), 268 (100, C20H14O2 -  H20), 239 (79, C20H14O2 -  H20  -  
CHO), 172 (29, C11H15BN), 131 (37, C9H9N), 103 (21, C7H5N), 57 (75, C4H9), 41 (77, 
C3H5); (Found (El): M+, 454.2076 (10B). C31H26BNO2 requires M, 454.2087 (,0B)).




The title compound was synthesised according to the general procedure using (S)-1- 
methoxy-2-propylamine (53 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 
mmol), (i^)-BINOL (172 mg, 0.6 mmol) and CDCI3  (6  mL). Evaporation of the solvent 
gave a yellow solid (258 mg, 91%), mp 238 °C (dec.); [a]̂ 5 -642 (c 1.000, CHCI3 );
Mnax(CHCl3 )/cm ' 1 1626 (C=N); & (300 MHz; CDC13) 1.44 (3H, d, J  7.0, Ctf3 CH), 3.20 
(3H, s, C // 3 O), 3.22 (1H, dd, J  9.8, 2.9, CHC//AHB), 3.48 (1H, dd, J 9 .8 , 3.0, CHCHAtfB), 
3.75-3.83 (1H, m, CH3 C/7CH2), 6.93 (1H, d, J  6 .8 , ArH), 7.11-7.37 (9H, m, ArH), 7.41 
(1H, d, J 8.5, ArH), 7.53 (1H, d, J 7 .2 , ArH), 7.81-7.92 (4H, m, ArH), 8.58 (1H, s, #C=N); 
Sc (75.5 MHz; CDC13) 17.4 (CH3 CH), 53.9 (CHCH3), 59.4 (CH3 0 ) , 74.0 (CH2 0 ) , 118.2,
122.4, 123.5, 123.7, 125.7, 126.8, 127.5, 127.6, 128.1, 128.3, 128.5, 129.1, 129.3, 130.2,
130.5, 130.7, 133.7, 133.8, 137.7, 154.7 (CArO), 154.9 (CArO), 169.6 (C=N); Sq (96 MHz; 
CDCI3 ) 11.9; m/z (El) 471 (28%, Nf), 268 (41, C2 oH1 4 0 2  -  H2 0 ) , 239 (38, C2 0 H 1 4 O2  -  H20  
-  CHO), 45 (100, C2 H5 0 ); (Found (ES): (M+H)+, 472.2082. C3iH26BN0 3 requires M+H, 





The title compound was synthesised according to the general procedure using (<S)-1- 
methoxy-2-propylamine (53 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 
mmol), (S)-BINOL (172 mg, 0.6 mmol) and CDC13 (6  mL). Evaporation of the solvent gave 
a yellow solid (245 mg, 87%), mp 127 °C (dec.); [ag5 +551 (c 0.995, CHC13); 
vwCKBrycm'1 1632 (C=N); *  (300 MHz; CDC13) 1.32 (3H, d, J7.0, GftCH), 3.43 (3H, s,
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CH3 0), 3.50 (1H, dd, J  10.0, 4.2, CHC//AHB), 3.74 (1H, dd, J  10.0, 2.9, CHCHA//B), 3.82-
3.91 (1H, m, CH3C//CH2), 6.84 (1H, d, J6.2, Ar//), 7.17-7.23 (3H, m, Ar//), 7.28-7.41 (7H, 
m, Ar//), 7.53-7.56 (1H, m, Ar//), 7.80-7.91 (4H, m, Ar//), 8.70 (1H, s, //C=N); Sc (75.5 
MHz; CDCI3) 18.8 (CH3CH), 54.1 (CHCH3), 59.7 (CH30), 74.7 (CH20), 118.2, 123.1,
123.4, 123.6, 123.7, 123.8, 124.6, 125.6, 127.5, 127.7, 128.1, 128.3, 128.5, 129.0, 130.0,
130.7, 133.6, 133.8, 137.7, 154.6 (CArO), 154.9 (CArO), 170.1 (C=N); Sq (96 MHz; CDC13)
11.8 ; m/z (El) 471 (37%, M+), 268 (57, C2oH140 2  -  H20), 239 (63, C20H14O2 -  H20  -  CHO), 
45 (100, C2H5O); (Found (El): M+, 471.1997. C3,H26BN0 3  requires M, 471.2000);
(RjE)-tert-Butyl 3-(2-((S)-naphtho[2,l,2,3-def][l,3,2]dioxaborepin-4- 
yl)benzylideneamino)-3-phenylpropanoate (S,R)-4.12a
The title compound was synthesised according to the general procedure using tert-butyl 
(3/?)-3-amino-3-phenyl-propanoate (40 mg, 0.18 mmol), 2-formylphenylboronic acid (27 
mg, 0.18 mmol), (5)-BINOL (52 mg, 0.18 mmol) and CDCI3  (2 mL). Evaporation of the 
solvent gave a yellow solid (95 mg, 87%), mp 124 °C (dec.); [aj? +387 (c 1.600, CHCI3 );
WtKBrycm '1 1730 (C=0 ester), 1622 (C=N); (300 MHz; CDC13) 1.10 (9H, s,
(C//3)3C), 2.91 (1H, dd, J  16.2, 9.2, CHC//AHBCO), 3.26 (1H, dd, J  16.2, 6.3, 
CHCHa//bCO), 5.29 (1H, dd, J  9.0, 6.4, C//CH2), 6.80 (1H, d, J  6 .8 , Ar//), 7.03 (1H, d, J
8.7, Ar//), 7.16-7.26 (6 H, m, Ar//), 7.29-7.46 (8H, m, Ar//), 7.76-7.89 (4H, m, Ar//), 8.37 
(1H, s, HC=N); Sc (75.5 MHz; CDC13) 27.6 ((CH3)3C), 39.9 (CH2CH), 59.3 (CHCH2), 81.3 
(OC(CH3)3), 117.8, 121.7, 122.9, 124.0, 124.2, 127.5, 127.6, 128.4 (x 2), 128.8 (x 2), 129.4,
129.7, 130.3, 131.4, 133.2, 133.4, 133.5, 136.5, 138.0, 153.9 (CArO), 154.6 (CArO), 168.5 
(O N ), 170.5 (OO); (96 MHz; CDC13) 13.6; m/z (Cl) 604 (100%, (M+H)+); (Found 
(El): M+, 603.2570. C40H34BNO4 requires M, 603.2575).





The title compound was synthesised according to the general procedure using tert-butyl 
(3S)-3-amino-3-phenyl-propanoate (40 mg, 0.18 mmol), 2-formylphenylboronic acid (27 
mg, 0.18 mmol), (£)-BINOL (52 mg, 0.18 mmol) and CDCI3  (2 mL). Evaporation of the 
solvent gave a yellow solid (84 mg, 77%), mp 130 °C (dec.); [a]̂ 5 +291 (c 1.580, CHCI3 );
v/max(CHCl3)/cm'1 1722 (C=0 ester), 1621 (C=N); Sn (300 MHz; CDC13) 0.91 (9H, s, 
(CH3)3C), 2.70 (1H, dd, J  16.2, 10.9, CHC//AHBCO), 3.47 (1H, dd, J  16.2, 4.6, 
CUCUaHbCO), 5.34 (1H, dd, J  10.7, 4.0, C//CH2), 6.92 (1H, d, J6.9, Ar//), 7.14-7.28 (5H, 
m, Ar//), 7.31-7.49 (11H, m, Ar//), 7.76-7.89 (4H, m, Ar//), 7.99 (1H, s, HC=N); Sq (75.5 
MHz; CDCI3) 27.3 ((CH3)3C), 39.2 (CH2CH), 60.9 (CHCH2), 80.8 (OC(CH3)3), 117.8,
123.2, 124.0, 124.2, 128.0, 128.4, 128.6, 129.1, 129.4, 129.5, 129.9, 130.4, 131.4, 133.3,
133.4 (x 2), 136.2, 136.4, 138.0, 153.6 (CArO), 154.0 (CatO), 168.4 (C=N), 169.6(C=0); Sq 
(96 MHz; CDC13) 12.6; m/z (El) 603 (6 %, M1-), 286 (28, C20H14O2), 268 (40, C20H]4O2 -  
H20), 239 (41, C20H14O2 -  H20  -  CHO), 131 (33, C9H7O), 104 (22, C8H8), 77 (22, C6H5), 




The title compound was synthesised according to the general procedure using (R)-1-(4- 
methoxyphenyl)ethylamine (91 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 
mmol), (S)-BINOL (172 mg, 0.6 mmol) and CHCI3  (6  mL). Evaporation of the solvent gave
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a yellow solid (297 mg, 93%), mp 182 °C (dec.); [a]  ̂ +592 (c 0.995, CHCI3 );
WtKBrycm '1 1622 (C=N); Sh (300 MHz; CDCI3) 1.79 (3H, d, J7.0, C//3CH), 3.73 (3H, 
s, C//30), 4.93 (1H, q, J  7.0, C//CH3), 6.73-6.78 (2H, m, Ar//), 6 .8 6  (1H, d, J  6.9, Ar//), 
7.17-7.24 (4H, m, Ar//), 7.26-7.45 (9H, m, Ar//), 7.82-7.91 (4H, m, Ar//), 8.25 (1H, s, 
Z/C=N); Sc (75.5 MHz; CDC13) 20.7 (CH3CH), 55.2, 56.0, 114.0, 117.8, 121.8, 122.8,
123.0, 123.2, 123.3, 125.2, 127.0, 127.2, 127.9, 128.0, 128.6, 129.7, 130.2, 130.3, 132.3,
133.3, 133.5, 136.9, 154.2 (CAr-OB), 154.7 (CAr-OB), 159.3 (CAr-OMe), 168.9 (O N ); Sq 
(96 MHz; CDC13) 12.0; m/z (El) 533 (18%, M+), 286 (6 , C2 oHi4 0 2), 268 (15, C20H]4O2-  
H20), 239 (21, C20H14O2-  H20  -  CHO), 135 (100, C9Hi,0), 105 (29, C8H9), 103, (23, 




The title compound was synthesised according to the general procedure using (<S)-l-(4- 
methoxyphenyl)ethylamine (91 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 
mmol), (»S)-BINOL (172 mg, 0.6 mmol) and CHC13 (6  mL). Evaporation of the solvent gave 
a yellow solid (297 mg, 93%), mp 122 °C (dec.); [ajf +250 (c 0.985, CHC13);
v'max(KBr)/cm'1 1620 (C=N); Su (300 MHz; CDC13) 1.57 (3H, d, J6.9, C//3CH), 3.87 (3H, 
s, CH3 0), 5.03 (1H, q, J  6 .8 , C//CH3), 6 .8 6  (1H, d, J  6.9, Ar//), 6.96-7.01 (2H, m, Ar//), 
7.14-7.24 (4H, m, Ar//), 7.28-7.43 (9H, m, Ar//), 7.79 (1H, d, J 8.7, Ar//), 7.84-7.92 (3H, 
m, Ar//), 8.03 (1H, s, //C=N); Sc (75.5 MHz; CDC13) 20.8 (CH3CH), 55.4, 58.3, 114.5,
117.8, 121.9, 123.1, 123.2, 123.3, 123.4, 125.1, 127.1, 127.2, 127.7, 127.9, 128.9, 129.1,
129.7, 130.3, 131.1, 133.3, 133.9, 136.7, 154.0 (CAr-OB), 154.4 (CAr-OB), 159.7 (CAr- 
OMe), 168.6 (O N); S& (96 MHz; CDC13) 12.0; m/z (El) 533 (23%, M+), 268 (25, C20Hi4O2 
-  H20), 239 (21, C20Hi4O2-  H20  -  CHO), 135 (100, C9HnO), 105 (40, C8H9), 103, (24, 
C8H7), 91 (23, C7 H7 ), 77 (22, C6H5); (Found (El): M+, 533.2158. C36H28BN03 requires M,
533.2157).





The title compound was synthesised according to the general procedure using (/?)-2-phenyl-
1-propylamine (81 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 mmol), (5)- 
BINOL (172 mg, 0.6 mmol) and CDCI3  (6  mL). Evaporation of the solvent gave a yellow 
solid (278 mg, 90%), mp 133 °C (dec.); [a g  +579 (c 0.990, CHC13); ^ (K B ^ /cm -1 1625
(C=N); Su (300 MHz; CDC13) 0.97 (3H, d, J7.0, C//3CH), 3.29-3.40 (1H, m, CH2C//CH3), 
3.50 (1H, app. t, J  11.6, C//AHBCH), 3.82 (1H, dd, J  12.6, 4.1, CHA//BCH, with a small 
coupling to the imine proton of J  1.0), 6 .8 8  (1H, d, J  6.1, Ar//), 7.14-7.49 (17H, m, Ar//), 
7.86-7.92 (4H, m, Ar//); Sc (75.5 MHz; CDC13) 19.6 (CH3CH), 38.4 (CHCH3), 59.4 
(C//2N), 118.2, 122.6, 123.3, 123.5, 123.8, 124.4, 124.7, 125.6, 126.5, 127.4, 128.0, 128.5,
128.8, 129.1, 129.4, 130.4, 130.7, 131.8, 133.7, 134.0, 136.9, 143.3, 154.4 (CArO), 154.8 
(CArO), 169.7 (C=N); Sb (96 MHz; CDC13) 11.1; m/z (El) 517 (12%, M+), 268 (18, 
C20Hi4O2 -  H20), 239 (24, C20H14O2 -  H20  -  CHO), 117 (24, C9 H9 ), 105 (100, C8H9), 91 




The title compound was synthesised according to the general procedure using (<S)-2-phenyl-
1-propylamine (81 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 mmol), (S)- 
BINOL (172 mg, 0.6 mmol) and CDCI3 (6  mL). Evaporation of the solvent gave a yellow 
solid (285 mg, 92%), mp 124 °C (dec.); [ag5 +753 (c 0.990, CHC13); w ^ B r y c m '1 1626 
(C=N); Su (300 MHz; CDC13) 1.19 (3H, d, J6.7, C//3CH), 3.33-3.52 (2H, m, CH2C//CH3
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and C / / a H b C H ), 3.83 (1H, dd, J  12.0, 5.3, CHA//BCH, with a small coupling to the imine 
proton of J  1.4), 6.56-6.60 (2H, m, ArH), 6.98-7.49 (15H, m, ArH), 7.79-7.92 (5H, m, 
ArH)\ 5c (75.5 MHz; CDC13) 17.8 (CH3CH), 37.6 (CHCH3), 60.2 (CH2N), 117.8, 122.4,
122.9, 123.0, 123.2, 123.3, 125.2, 126.7, 127.0, 127.1, 127.2, 128.1, 128.5, 128.8, 130.0,
130.3, 133.2, 133.5, 136.5, 142.8, 153.9 (CArO), 154.3 (CArO), 169.6 (O N ); 5q (96 MHz; 
CDC13) 12.1; m/z (El) 517 (17%, M+), 268 (35, C2oH140 2  -  H20), 239 (33, C20H14O2 -  H20  
-  CHO), 144 (26, C ioH joN ) , 117 (30, C9H9), 105 (100, C8H9), 91 (38, C7H7), 77 (30, C6H5); 
(Found (El): M+, 517.2199. C36H28BN02 requires M, 517.2208).
(E,2S)-N-(2-((R)-Naphtho[15,10,l,2-deJ][l,3,2]dioxaborepin-4-yl)benzylidene)-2-
methylbutan-l-amine (R,S)-4.18a
The title compound was synthesised according to the general procedure using (S)-2- 
methylbutylamine (52 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 mmol), (R)- 
BINOL (172 mg, 0.6 mmol) and CDC13 (6  mL). Evaporation of the solvent gave a yellow 
solid (223mg, 79%), mp 120 °C (dec.); [a ]“ -612 (c 1.000, CHC13); v^CHCl^/cnT1 1630
(C=N); 5a (300 MHz; CDC13) 0.70 (3H, d, J  6.7, CH2 CH), 0.76 (3H, t, J  7.4, C/73CH2), 
0.95-1.10 (1H, m, CHC/7aHbCH3), 1.26-1.41 (1H, m, CHCHAtfBCH3), 1.89-2.00 (1H, m, 
CHCH3), 3.33-3.47 (2H, m, CHC/72N), 6 .8 6  (1H, d, J  6 .8 , ArH), 7.13-7.41 (10H, m, ArH), 
7.49 (1H, d, J  7.5, ArH), 7.81-7.93 (4H, m, Ar//), 8.25 (1H, s, /7C=N); Sc (75.5 MHz; 
CDC13) 11.2 (CH3CH2), 17.3 (CH3CH), 27.2 (CH2CH3), 33.0 (CHCH3), 57.9 (CH2N),
118.2, 123.3, 123.5, 123.6, 125.6 (x 2), 127.5, 127.6, 128.1, 128.3, 128.5, 129.3, 130.2,
130.7, 133.7, 133.8, 134.1, 137.1, 154.4 (CArO), 154.9 (CArO), 169.3 (O N ); 5q (96 MHz; 
CDC13) 11.7; m/z (El) 469 (46%, M+), 268 (93, C20H14O2 -  H20), 239 (61, C20Hi4O2 -  H20  
-  CHO), 144 (42, C10H10N), 117 (100, C9H9), 91 (28, C7H7), 71 (14, C5Hi,), 57 (32, C4H9), 
43 (72, C3H7), 41 (84, C3H5); (Found (ES): (M+H)+, 470.2285. C32H28BN02 requires M+H, 
470.2286).




The title compound was synthesised according to the general procedure using (*S)-2- 
methylbutylamine (52 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 mmol), (S)- 
BINOL (172 mg, 0.6 mmol) and CDCI3 (6  mL). Evaporation of the solvent gave a yellow 
solid (238mg, 85%), mp 126 °C (dec.); [a£ 5 +634 (c 0.985, CHC13); w ^ B rV cm '1 1627
(C=N); Sa (300 MHz; CDC13) 0.37 (3H, t, J  7.4, CH3CH2), 0.83 (3H, d, J  6 .6 , Ctf3CH), 
0.97 (2H, app. quin, J  7.3, CHC//2CH3), 1.85-1.96 (1H, m, CtfCH3), 3.12 (1H, dd, J  13.1,
10.0, CHCHaHbN), 3.73 (1H, dd, J  13.1, 4.7, CHCHAtfBN with a small coupling to the 
imine proton of J  1.4), 6.94 (1H, d, J6.9, ArH), 7.12-7.22 (3H, m, ArH), 7.26-7.41 (8H, m, 
ArH), 7.51-7.54 (1H, m, ArH), 7.81-7.93 (4H, m, ArH), 8.27 (1H, s, HC=N); Sq (75.5 
MHz; CDCI3) 10.6 (CH3CH2), 17.4 (CH3CH), 27.5 (CH2CH3), 32.6 (CHCH3), 58.5 (CH2N),
117.8, 122.9, 123.0, 123.2, 123.3, 125.1, 125.2, 127.0, 127.1, 127.7, 127.8, 128.0, 128.6,
128.9, 129.9, 130.3, 133.3, 133.4, 136.6, 153.9 (CArO), 154.3 (CArO), 169.0 (O N ); & (96 
MHz; CDCI3) 11.1; m/z (El) 469 (60%, M+), 286 (35, C2oH140 2 ), 268 (92, C20H14O2 -  H20), 
239 (100, C20H14O2 -  H20  -  CHO), 144 (29, C10H]0N), 117 (76, C9H9), 91 (25, C7H7), 57 




The title compound was synthesised according to the general procedure using (S)-2- 
aminooctane (78 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 mmol), (/?)- 
BINOL (172 mg, 0.6 mmol) and CDC13 (6  mL). Evaporation of the solvent gave a yellow
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solid (232mg, 76%), mp 186.5 °C (dec.); [ag  -589 (c 0.990, CHC13); Kmax(CHCI3)/cin‘'
1628 (C=N); Sa (400 MHz; CDCI3) 0.68 (3H, t, J  6 .8 , C/73CH2), 0.83-1.05 (7H, m, 3 x CH2  
+ C//ACHB), 1.09-1.19 (1H, m, CHA//B), 1.21-1.43 (two overlapped resonances: 1.38, 3H, 
d, J 6 .6 , C//3CH and 1H, m, C//AHB), 1.77-1.86 (1H, m, CHA//B), 3.68-3.76 (1H, app. sext, 
J  6 .6 , CH3C//N), 6.89 (1H, d, J  6.9, ArH), 7.12-7.35 (9H, m, Ar//), 7.40 (1H, d, J  8.5, 
ArH), 7.48 (1H, d, J  13, ArH), 7.80-7.92 (4H, m, ArH), 8.37 (1H, s, HC=N); Sc (75.5 
MHz; CDC13) 14.4 (CH3CH2), 20.6 (CH3CH), 22.7 (CH2CH3), 26.1, 28.8, 31.8, 37.5 
(CH2CH), 54.8 (CHCH3), 118.2, 122.3, 123.1, 123.5, 123.7, 123.9, 125.5, 127.5, 127.6,
128.1, 128.3, 129.3, 130.2, 130.5, 130.7, 133.7, 133.9, 134.0, 137.4, 154.6 (CArO), 154.9 
(CArO), 169.2 (O N ); Sq (96 MHz; CDC13) 12.0; m/z (El) 511 (100%, M+), 286 (15, 
C20H14O2), 268 (6 6 , C20H14O2 -  H20), 239 (36, C20H14O2 -  H20  -  CHO), 144 (42, 
C10H10N), 117 (100, C9H9), 91 (20, C7H7), 57 (26, C4H9), 43 (83, C3H7), 41 (89, C3H5); 
(Found (El): M+, 511.2670. C35H34BN02 requires M, 511.2677).
(E,2S)-N-(2-((S)-Naphtho[2,l,2,3-def][l,3,2]dioxaborepin-4-yl)benzylidene)octan-2-
amine (S,S)-4.25b
The title compound was synthesised according to the general procedure using (*S)-2- 
aminooctane (78 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 mmol), (£)- 
BINOL (172 mg, 0.6 mmol) and CDC13 (6  mL). Evaporation of the solvent gave a yellow 
solid (228mg, 74%), mp 107 °C (dec.); [a]2D5 +541 (c 1.020, CHC13); M^CHCl^/cm’1
1629 (C=N); ^  (400 MHz; CDC13) 0.93 (3H, t, J  6.5, C//3CH2), 1.15-1.25 (two overlapped 
resonances: 1H, m, C//AHB and 1.38, 3H, d, J 6 .6 , C//3CH), 1.27-1.40 (7H, m, CHAC/fB + 3 
x CH2), 1.55-1.64 (1H, m, C//AHB), 1.89-1.96 (1H, m, CHA77B), 3.61-3.69 (1H, m, 
CH3C//N), 6.85 (1H, d, J 6 .8 , ArH), 7.12 (1H, d, J8.5, ArH), 1.17-7.34 (8H, m, ArH), 7.40 
(1H, d, J8.5, Ar//), 7.47 (1H, d, J 1 2 ,  Ar//), 7.79-7.92 (4H, m, Ar//), 8.37 (1H, s, //C=N); 
Sc (75.5 MHz; CDC13) 14.5 (CH3CH2), 22.3 (CH3CH), 23.0 (CH2CH3), 26.9, 29.6, 32.1,
37.2 (CH2CH), 55.1 (CHCH3), 118.2, 122.2, 123.5, 123.6, 123.9, 125.6, 127.5, 127.7,
128.1, 128.3, 128.5, 129.0, 130.2, 130.6, 130.7, 133.7, 133.8, 134.0, 137.5, 154.6 (CArO),
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154.9 (CAr0), 167.2 (C=N); <% (96 MHz; CDC13) 11.9; m/z (El) 511 (100%, M+), 268 (55, 
C20H14O2 -  H20), 239 (29, C20Hl4O2 -  H20  -  CHO), 43 (27, C3H7), 41 (27, C3H5); (Found 
(El): M+, 511.2670. C35H34BN 02 requires M, 511.2677).
(4S,5S)-Dimethyl 2-(2-((E)-((R)-l-phenylethylimino)methyl)phenyl)-l,3,2-dioxaborotane-
4,5-dicarboxylate (S,S,R)-4.27a 
The title compound was synthesised according to the general procedure described on page 
172 using dimethyl D-tartrate (178 mg, 1.00 mmol), 2-formylphenylboronic acid (150 mg,
1.00 mmol), (/?)-l-phenylethylamine (145 mg, 1.20 mmol), and dry THF (10 mL). The 
residue obtained after evaporation of the solvent was crystallised from «-hexane to give the 
boronate (278 mg, 70%) as a light yellow solid, mp 50-52 °C; [(x]d +181 {c 1.010, CHCI3 );
WtCHChycm-1 1746 (C=0 ester), 1631 (C=N); & (300 MHz; CDC13) 1.78 (3H, d, J6.8, 
C//3CH), 3.82 (6H, s, CH3 0 2 C), 4.54 (2H, s, CHO), 5.38 (1H, q, J  6.8, C//CH3), 7.23-7.39 
(7H, m, Ar//), 7.48 (1H, app. td, J 7 3 , 1.0, Ar//), 7.60 (1H, d, J  7.0, Ar//), 8.27 (1H, s, 
HC=N); 8 c (75.5 MHz; CDC13) 21.9 (CH3CH), 52.7 (CH30 2C), 56.9 (CHCH3), 77.8 
(CHO), 126.6, 127.0, 127.5, 128.5, 129.2, 129.7, 131.1, 134.3, 137.6, 140.6, 168.7 (C=N),





The title compound was synthesised according to the general procedure described on page 
172 using dimethyl L-tartrate (356 mg, 2.00 mmol), 2-formylphenylboronic acid (300 mg,
2.00 mmol), (/?)-l-phenylethylamine (267 mg, 2.20 mmol), and dry THF (20 mL). The 
residue obtained after evaporation of the solvent was crystallised from w-hexane to give the 
boronate (520 mg, 6 6 %) as a light yellow solid, mp 48-49 °C; [cx,]d +68 (c 1.020, CHC13);
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MnaxCCHCbycm-1 1746 (C=0 ester), 1631 (C=N); Sr (300 MHz; CDC13) 1.76 (3H, d, J  7.0, 
CH3 CU), 3.83 (6H, s, CH3 0 2 C), 4.92 (2H, s, CHO), 5.49 (1H, q, y  6.9, CHCU3), 7.18-7.52 
(8H, m, ArH), 7.61 (1H, d, J  7.0, Ar//), 7.96 (1H, s, //C=N); Sc (75.5 MHz; CDC13) 20.8 
(CH3CH), 52.8 (CH30 2C), 56.5 (CHCH3), 78.0 (CHO), 126.5, 127.1, 128.4, 128.6, 128.8,
128.9, 129.2, 129.4, 131.0, 134.2, 137.6, 139.9, 169.3 (O N ), 173.7 (C=0); Sq (96 MHz; 
CDC13) 16.9; (Found (El): M+, 395.1526. C21H22BNO6 requires M, 395.1535).
6 .5  Experimental P ro ced u res of C hap ter 5
6.5.1 General Procedure fo r  the Derivatisation o f  Chiral a-Amino Acids
The corresponding racemic a-amino acid hydrochloride (1 equiv.) and NEt3 (1.1 equiv.) 
were suspended in a minimum amount of CDC13. 2-Formylphenylboronic acid (1.1 equiv.), 
(S)-(BINOL (1.1 equiv.), more CDC13 and 4 A molecular sieves were then added in order to 
produce a 0.1M solution of the a-amino acid hydrochloride. The solution was stirred for 3 h 
under an atmosphere of nitrogen, and a sample for ]H NMR was then taken directly from 
the solution, filtered and analysed. As an alternative, when the racemic a-amino acid 
hydrochloride was not available, a 50:50 mixture of both enantiomers of the a-amino acid 
was prepared, or one enantiomer of the a-amino acid and racemic BINOL were used.
6.5.2 General Procedure fo r  the Derivatisation o f  Chiral a-Amino Esters
The corresponding racemic a-amino ester hydrochloride (1 equiv.) and Cs2C03 (1.1 equiv.) 
were suspended in a minimum amount of CDC13. 2-Formylphenylboronic acid (1.1 equiv.), 
(5)-(BINOL (1.1 equiv.) more CDC13 and 4 A molecular sieves were then added in order to 
produce a 0.1M solution of the a-amino ester hydrochloride. The solution was stirred for 30 
minutes under an atmosphere of nitrogen, and a sample for ]H NMR was then taken directly 
from the solution, filtered and analysed. As an alternative, when the racemic a-amino ester 
hydrochloride was not available, a 50:50 mixture of both enantiomers of the a-amino ester 
was prepared, or one enantiomer of the a-amino ester and racemic BINOL were used. In 
the case of the formation of diastereopure complexes, one enantiomer of the a-amino ester 
hydrochloride was mixed with equimolar amounts of 2-formylphenyboronic acid and (S)- or 
(/?)-BINOL as indicated, and after formation of the complex the solution was filtered, and 
the solvent evaporated in vacuo to dryness to give a yellow solid.
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The title compound was synthesised according to the general procedure using D-valine 
methyl ester hydrochloride (101 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 
mmol), (S)-BINOL (172 mg, 0.6 mmol), CS2 CO3  (215 mg, 0.66mmol), and CDCI3  (6  mL). 
Evaporation of the solvent gave a yellow solid (281 mg, 91%), mp 123.5 °C (dec.); [aj5
+363 (c 1.010, CHCI3); ^(CHCbVcm -1 1737 (C=0 ester), 1621 (C=N); Su (300 MHz; 
CDCI3) 0.90 (3H, d, J  6 .6 , C//3CH), 1.09 (3H, d, 7  6.7, C//3CH), 2.34 (1H, app. oct, J  6.9, 
CHC//(CH3)2), 3.45 (3H, s, C//30 2C), 4.00 (1H, d, J 8 .6 , C//CH(CH3)2), 6.83 (1H, d, J 6 .8 , 
Ar//), 7.04-7.09 (1H, m, Ar//), 7.13-7.41 (8H, m, Ar//), 7.55 (1H, d, y  7.2, Ar//), 7.74-7.89 
(5H, m, Ar//), 8.79 (1H, s, HC=N); Sc (75.5 MHz; CDC13) 19.0 (CH3CH), 20.7 (CH3CH),
32.1 (CH(CH3)2), 53.0 (CH30 2C), 66.3 (CHCH(CH3)2), 118.3, 122.4, 123.4, 123.8, 123.9,
125.6, 125.7, 127.5, 127.7, 128.3, 128.4, 128.6, 130.2, 130.5, 130.8, 133.7, 134.0, 134.7,
137.6, 154.3 (CArO), 155.0 (CArO), 171.0 (O N ), 171.3 (OO); Sq (96 MHz; CDC13) 11.6; 
m/z (El) 513 (29%, M*), 268 (42, C20H14O2 -  H20), 239 (30, C20H14O2 -  H20  -  CHO), 133 
(100), 117 (13, C9H9); (Found (El): VT, 513.2100. C33H28BN04 requires M, 513.2106).
(SjE)-Methyl 2-(2-((S)-naphtho[2,l,2,3-def][l,3,2]dioxaborepin-4-yl)benzylideneamino)-
3-methylbutanoate (S,S)-5.19b 
The title compound was synthesised according to the general procedure using L-valine 
methyl ester hydrochloride (101 mg, 0.6 mmol), 2-formylphenylboronic acid (90 mg, 0.6 
mmol), (S)-BINOL (172 mg, 0.6 mmol), Cs2C03 (215 mg, 0.66mmol), and CDC13 (6  mL). 
Evaporation of the solvent gave a yellow solid (281 mg, 91%), mp 134 °C (dec.); [a]̂ 5 
+466 (c 0.995, CHC13); ^C H C fO /cm ’1 1739 (C=0 ester), 1621 (C=N); Su (400 MHz;
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CDCI3) 0.86 (6 H, app. t, J6.3, C//3CH), 2.18 (1H, app. oct, J6.7, CHC//(CH3)2), 3.81 (3H, 
s, C//30 2C), 4.08 (1H, d, J8.3, C//CH(CH3)2), 6.85 (1H, d, J 6 .6 , Ar//), 7.15-7.36 (8H, m, 
Ar//), 7.42 (1H, d, J7.4, Ar//), 7.55 (1H, d, J7.3, Ar//), 7.74-7.89 (5H, m, Ar//), 8 .8 8  (1H, 
s, Z/C=N); £  (75.5 MHz; CDC13) 19.4 (CH3CH), 20.0 (CH3CH), 34.6 (CH(CH3)2), 53.0 
(CH30 2C), 65.7 (CHCH(CH3)2), 118.3, 122.2, 123.3, 123.5, 123.8, 123.9, 125.6, 127.6,
127.7, 128.3, 128.5, 128.6, 129.0, 130.3, 130.7, 130.8, 133.8, 134.7, 137.6, 154.5 (CArO),
154.9 (CArO), 171.3 (C=N), 171.9 (C=0); Sq (96 MHz; CDC13) 11.7; m/z (El) 513 (27%, 
M+), 268 (38, C20Hi4O2 -  H20), 239 (25, C20H14O2 -  H20  -  CHO), 133 (100), 117 (13, 




The title compound was synthesised according to the general procedure using (R)-2- 
phenylglycine methyl ester hydrochloride (121  mg, 0 .6  mmol), 2 -formylphenylboronic acid 
(90 mg, 0.6 mmol), (5)-BINOL (172 mg, 0.6 mmol), Cs2C 03 (215 mg, 0.66mmol), and 
CDC13 (6  mL). Evaporation of the solid gave a yellow solid (309mg, 94%), mp 113.5 °C 
(dec.); [a]l5 +245 (c 1.000, CHC13); ^C H C fO /cm ' 1 1747 (C=0 ester), 1622 (C=N); Su 
(300 MHz; CDC13) 3.38 (3H, s, C//30 2C), 5.49 (1H, s, C//C02Me), 6.98 (1H, d, J  7.0, 
Ar//), 7.16-7.48 (14H, m, Ar//), 7.51 (1H, d, J  7A, Ar//), 7.81-7.91 (5H, m, Ar//), 8.50 
(1H, s, HC=N); Sc (75.5 MHz; CDC13) 53.4 (CH30), 64.2 (CHC02Me), 118.3, 122.7,
123.3, 123.4, 123.8 (* 2), 127.5, 127.6, 128.4, 128.6, 129.1, 129.9, 130.1, 130.4, 130.8,
133.0, 133.6, 133.9, 137.2, 154.2 (C^O), 154.8 (C^O), 168.9 (C=N), 172.3 (C=0); Sq (96 
MHz; CDC13) 11.8; m/z (El) 547 (100%, M+); (Found (ES): (M +N H /f, 565.2290. 
C36H26BN04 requires M +N H /, 565.2293).
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(S,E)-Methyl 2-(2-((S)-naphtho[2,1,2,3-def][ 1,3,2]dioxaborepin-4-y l)benzy lideneamino)-
2-phenylacetate (S,S)-5.21b
The title compound was synthesised according to the general procedure using (*S)-2- 
phenylglycine methyl ester hydrochloride (121  mg, 0 .6  mmol), 2 -formylphenylboronic acid 
(90 mg, 0.6 mmol), (£)-BINOL (172 mg, 0.6 mmol), CS2CO3 (215 mg, 0.66mmol), and 
CDCI3 (6  mL). Evaporation of the solid gave a yellow solid (284mg, 87%), mp 129 °C 
(dec.); [ag5 +507 (c 0.990, CHC13); vmax(CUC\3 )/cm l 1746 (C=0 ester), 1623 (C=N); 4
(300 MHz; CDC13) 3.89 (3H, s, CH3 0 2 C), 5.51 (1H, s, C/7C02Me), 7.02 (1H, d, J  7.1, 
ArH), 7.11-7.14 (1H, m, ArH), 7.17-7.40 (12H, m, ArH), 7.48 (2H, app. t, J  7.8, ArH), 
7.79-7.94 (5H, m, ArH), 8.51 (1H, s, HC=N); 4  (75.5 MHz; CDC13) 53.5 (CH30 2C), 63.5 
(CHC02Me), 118.2, 122.6, 123.5, 124.4, 124.7, 127.9, 128.5, 128.6, 128.8, 129.8, 129.9,
130.4, 130.8, 131.8, 133.7, 133.8, 133.9, 135.6, 137.4, 154.6 (CArO), 154.8 (CArO), 169.7 
(ON), 173.7 (C=0); 4  (96 MHz; CDC13) 12.0; m/z (El) 547 (100%, M+); (Found (El): M+, 
547.1940. C36H26BNO4 requires M, 547.1949).
(S,E)-tert-Butyl 2-(2-((R)-naphtho[l 5,10,1,2-deJ][1,3,2]dioxaborepin-4- 
yl)benzylideneamino)-2-phenylacetate (R,S)-5.23a
The title compound was synthesised according to the general procedure using (S)-2- 
phenylglycine tert-butyl ester hydrochloride (146 mg, 0.6 mmol), 2-formylphenylboronic 
acid (90 mg, 0.6 mmol), (i?)-BINOL (172 mg, 0.6 mmol), CS2CO3 (215 mg, 0.66mmol), and 
CDCI3 (6  mL). Evaporation of the solvent gave a yellow solid (271 mg, 77%), mp 124 °C 
(dec.); [ag  -266 (c 0.990, CHC13); v ^ C H C ^ /c iif1 1737 (C=0 ester), 1623 (C=N); 4  
(300 MHz; CDC13) 0.93 (9H, s, (CJf3)3C), 5.33 ( 1H, s, CHC02 t-Bu), 7.08 (1H, d, J  7.0, 
ArH), 7.16-7.47 (15H, m, ArH), 7.78-7.91 (5H, m, ArH), 8.18 (1H, s, flC=N); 4  (75.5 
MHz; CDCI3) 27.6 ((CH3)sC), 65.9 (CHC02 -̂Bu), 83.4 ((CH3)3CO), 118.3, 123.2 (x 2),
- 197-
Chapter 6 Experimental
123.8 (x 2), 123.9, 127.4, 127.6, 128.6, 129.4 (x 2), 130.0, 130.1, 130.5, 130.7, 132.9,
133.7, 134.0, 137.3, 154.2 (CArO), 154.8 (CArO), 166.9 (C=N), 171.3 (C=0); & (96 MHz; 





The title compound was synthesised according to the general procedure using (S)-2- 
phenylglycine tert-butyl ester hydrochloride (146 mg, 0.6 mmol), 2-formylphenylboronic 
acid (90 mg, 0.6 mmol), (S)-BINOL (172 mg, 0.6 mmol), CS2CO3 (215 mg, 0.66mmol), and 
CDCI3 (6  mL). Evaporation of the solvent gave a yellow solid (271 mg, 77%), mp 182 °C 
(dec.); [a]” +475 (c 0.990, CHC13); wtCHChVcrn1 1737 (C=0 ester), 1622 (C=N); 
(300 MHz; CDC13) 1.60 (9H, s, (CH3)3C), 5.37 (1H, s, CHC02/-Bu), 6.97 (1H, d, J  7.0, 
ArH), 7.13-7.39 (13H, m, ArH), 7.43-7.52 (2H, m, ArH), 7.82-7.94 (5H, m, ArH), 8.61 
(1H, s, HC=N); 5c (75.5 MHz; CDC13) 28.5 ((CH3)3C), 63.8 (CHC02f-Bu), 84.3 
((CH3)3CO), 118.3, 122.7, 123.6, 123.9, 125.7, 127.7, 127.8, 128.5, 128.6, 129.4, 129.5 (x 
2 ), 129.7, 130.5, 130.8, 133.8 (x 2 ), 136.8, 137.7, 154.8 (CArO), 155.0 (CMO), 168.3 (O N ),
173.9 (OO ); 5q (96 MHz; CDC13) 11.7; m/z (El) 589 (100%, M+); (Found (El): M+, 
589.2411. C39H32BNO4 requires M, 589.2419); (Found: C, 79.7; H, 5.52; N, 2.20. 
C39H32BNO4 requires C, 79.5, H, 5.47; N, 2.38%).
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(SyE)-Methyl 2-(2-((R)-naphtho[l 5,10,l,2-deJ][l,3,2]dioxaborepin-4- 
yl)benzylideneamino)-3-phenylpropanoate (R,S)-5.25a 
The title compound was synthesised according to the general procedure using L- 
phenylalanine methyl ester hydrochloride (129 mg, 0.6 mmol), 2-formylphenylboronic acid 
(90 mg, 0.6 mmol), (/?)-BINOL (172 mg, 0.6 mmol), CS2 CO3 (215 mg, 0.66mmol), and 
CDCI3 (6  mL). Evaporation of the solvent gave a yellow solid (319 mg, 95%), mp 126 °C 
(dec.); [a]“ -336 (c 1.000, CHC13); vmax(CHCl3)/cm-' 1745 (C=0 ester), 1620 (C=N); 4  
(300 MHz; CDCI3) 3.25 (1H, dd, 13.5, 8.5, CHC77ACHB), 3.41 (3H, s, CH30 2C), 3.47 (1H, 
dd, 13.5, 4.8, CHCHaCT/b), 4.61 (1H, dd, 8.4, 4.8, Ci/CH2), 6.95 (1H, d, J  7.0, ArH), 7.00-
7.04 (2H, m, ArH), 7.09-7.43 (12H, m, ArH), 7.47 (1H, d, J  7.3, ArH), 7.80-7.92 (5H, m, 
ArH), 8.40 (1H, s, 7/C=N); Sc (75.5 MHz; CDCI3) 39.7 (CH2CH), 53.0 (CH30 2C), 60.4 
(CHCH2), 118.2, 122.4, 123.4, 123.8, 127.7 (x 2), 128.2, 128.4, 128.8, 129.3 (x 2), 129.5,
130.0, 130.3, 133.6, 134.0, 134.8, 137.3, 154.4 (C a ,0 ), 154.8 (CatO), 170.6 (C=N), 172.5 
(C=O); Sa (96 MHz; CDCI3) 11.8; m/z (El) 561 (100%, M+); (Found (El): M+, 561.2099. 
C37H28BNO4 requires M, 561.2106).
(SjE)-Methyl 2-(2-((S)-naphtho[2,l,2,3-dej][l,3,2]dioxaborepin-4-yl)benzylideneamino)-
3-phenylpropanoate (S,S)5.25b 
The title compound was synthesised according to the general procedure using L- 
phenylalanine methyl ester hydrochloride (129 mg, 0.6 mmol), 2-formylphenylboronic acid 
(90 mg, 0.6 mmol), (5)-BINOL (172 mg, 0.6 mmol), CS2CO3 (215 mg, 0.66mmol), and 
CDCI3 (6  mL). Evaporation of the solvent gave a yellow solid (310 mg, 92%), mp 116.5 °C 
(dec.); [a]" +576 (c 1.000, CHCI3); v^ C H C y/cm ’1 17 4 5  (C=0 ester), 1620 (C=N); <5h
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(300 MHz; CDCI3) 3.07 ( 1H, dd, 13.6, 7.6, CHC//ACHB), 3.36 (1H, dd, 13.6, 3.5, 
CHCHaCHb), 3.77 (3H, s, C//30 2C), 4.60 ( 1H, dd, 7.6, 4.8, C77CH2), 6.73-6.78 (2 H, m, 
ArH), 7.01-7.41 (13H, m, ArH), 7.48 (1H, d, J  8.4, Ar//), 7.80 (1H, d, J  8.7, ArH), 7.86- 
7.93 (4H, m, ArH), 8.03 (1H, s, //C=N); & (75.5 MHz; CDCI3) 39.4 (CH2CH), 53.1 
(CH3O2C), 61.4 (CHCH2), 118.2, 122.7, 123.4, 123.8, 127.5, 127.6, 127.9, 128.3, 128.5,
129.0, 129.3, 129.5, 130.3, 130.4, 130.8, 133.7, 133.8, 135.3, 137.3, 154.4 (CatO), 154.6 
(C a ,0 ), 170.4 (O N ), 172.0 (OO); <% (96 MHz; CDCI3) 12.6; m/z (El) 561 (100%, M+); 
(Found (El): M+, 561.2108. C37H28BNO4 requires M, 561.2,106).
6.5.4 General Procedure fo r  the Synthesis o f  (S,S)-a-Aryl-a-[l-(4- 
methoxyphenyl)ethylamino]acetonitriles [(S,S)-5.28a and (S,S)-5.28c]
The reaction was carried out by adaptation of a protocol described in the literature.9 Thus, 
(5)-l-(4-Methoxyphenyl)ethylamine hydrochloride (<S)-5.27.HC1 (560 mg, 3.00 mmol) and 
NaCN (154 mg, 3.15 mmol) were dissolved in H2O (3mL-6mL). MeOH (3-6mL) and the 
corresponding arylaldehyde 5.26a or 5.26c (3.00 mmol) were then added, and the mixture 
was stirred for ca. 16 h. The reaction mixture was then diluted with H2O (11.5 mL), and the 
resulting solid collected via filtration and washed with w-hexane. *H NMR (400 MHz, 
CDCI3) of this material showed it to be a single diastereomer in >95% de.





The title compound was synthesised according to the general procedure using 2- 
bromobenzaldehyde 5.26a (0.35 mL, 3.00 mmol). After filtration, the aminonitrile (606 mg, 
58%) was obtained as white plates, mp 117.0-118.5 °C; For a sample with ca. 90% de [a]̂ 5 
-166 (c 0.525, CHCI3), -116 (c 0.490, MeOH); ^ (C H C bycm '1 3333 (NH), 2228 (CN); 
Su (400 MHz; CDC13) 1.42 (3H, d, J  6 .6 , CH3 CK), 1.74 (1H, brs, NH), 3.83 (3H, s, C//3O), 
4.18 (1H, q, J  6 .6 , C77CH3), 4.66 (1H, s, CHCN), 6.89-6.93 (2H, m, ArH), 7.21-7.26 (1H,
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m, ArH), 7.35-7.41 (3H, m, ArH), 7.56-7.62 (2H, m, ArH); Sq (75.5 MHz; CDC13) 24.9 
(CH3CH), 52.8, 55.7, 56.7, 114.4 (CN), 118.9, 123.7, 128.6, 128.9, 129.7, 131.0, 134.1,
134.5, 135.2, 159.7 (CM0); m/z (Cl) 346 (3%, M+), 344 (3%, M+), 331 (6 6 , M -  Me), 329 
(6 6 , M -  Me), 318 (69, M -  CN), 304 (12, M -  CN -  Me -  H), 302 (12, M -  CN -  Me -  H), 





The title compound was synthesised according to the general procedure using o- 
tolualdehyde 5.26c (0.35 mL, 3.00 mmol). After filtration, the aminonitrile (505 mg, 60%) 
was obtained as white plates, mp 129-132 °C; [a]̂ 5 -189 (c 0.475, CHC13), -109 (c 0.525,
MeOH); v^C H C D /cm '1 3338 (NH), 2222 (CN); <5k (400 MHz; CDC13) 1.40 (3H, d, J  6 .6 , 
Ctf3CH), 2.13 (3H, s, ArC//3), 3.83 (3H, s, CH2O), 4.19 (1H, q, J 6 .6 , CtfCH3), 4.38 (1H, s, 
CHCN), 6.90-6.94 (2H, m, ArH), 7.15-7.17 (1H, m, ArH), 7.22-7.28 (2H, m, ArH), 7.36- 
7.40 (2H, m, ArH), 7.55-7.57 (1H, m, ArH); Sc (75.5 MHz; CDC13) 19.0 (CH3CH), 24.7 
(CH3Ar) 50.6, 55.7, 56.7, 114.5 (CN), 119.5, 127.0, 127.7, 128.8, 129.5, 131.5, 133.8,
134.9, 136.7, 159.7 (CArO); m/z (Cl) 265 (12%, M -  Me), 253 (22, M -  HCN), 135.0 (100, 
C8H9NO); Found: C, 77.0; H, 7.03; N, 9.86. C,8H2oN20  requires C, 77.11; H, 7.19; N, 
9.99%.
6.5.6 General Procedure fo r  the Synthesis o f  (S,S)-a-Aryl-a-[l-(4- 
methoxyphenyl)ethylamino]acetonitrile Hydrochlorides [(SfS)-5.28b.HClf (S,S)- 
5.28d.HCl and (S,S)-5.28e.HCl]
The reaction was carried out by adaptation of a protocol described in the literature.9 Thus, 
(S)-1 -(4-Methoxyphenyl)ethylamine hydrochloride (*S)-5.27.HC1 (560 mg, 3.00 mmol) and 
NaCN (154 mg, 3.15 mmol) were dissolved in H20  (3mL-6mL). MeOH (3-6mL) and the 
corresponding arylaldehyde 5.26b, 5.26d or 5.26e (3.00 mmol) were then added, and the 
mixture was stirred for ca. 16 h. The reaction mixture was then diluted with H20  and 
extracted with CH2C12 ( 3 x 1 0  mL). The combined CH2C12 extracts were dried (MgS0 4 ), 
filtered and concentrated in vacuo. *H NMR (300 MHz, CDC13) of this crude material
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showed it to be a mixture of (S,S) and (S,R) diastereomers. The crude mixture was dissolved 
in Et2 0 . The addition of saturated methanolic HC1 gave the major (S',*S)-aminonitrile 
hydrochloride in >95% de as a white crystalline solid that was collected via filtration and 
washed with w-hexane.






The title compound was synthesised according to the general procedure using benzaldehyde 
5.26b (0.30 mL, 3.00 mmol). After filtration, the aminonitrile hydrochloride (438 mg, 48%) 
was obtained as white needles, mp 127-128 °C; [ajf -95 (c 0.525, CHCI3), -54 (c 0.350,
MeOH); Su (400 MHz; CDC13) 1.38 (3H, d, J  6 .6 , CH3C//),3.84 (3H, s, C//3O), 4.32 (1H, 
q, J  6 .6 , C//CH3), 4.44 (1H, s, CHCN), 6.97-7.00 (2H, m, ArH), 7.35-7.44 (3H, m, ArH), 
7.58-7.62 (2H, m, ArH), 7.65-7.67 (2H, m, ArH); Sc (75.5 MHz; CDC13) 20.7 (CH3CH),
50.7, 55.8, 59.3, 114.8 (CN), 115.4, 128.9, 129.4, 130.2, 130.8, 131.3, 134.9, 161.1 (CArO); 
m/z (Cl) 266 (2%, M -  HC1), 251 (25, M -  HC1 -  Me), 240 (18, M -  HC1 -  CN), 135 (100, 







The title compound was synthesised according to the general procedure using p- 
tolualdehyde 5.26d (0.35 mL, 3.00 mmol). After filtration, the aminonitrile hydrochloride 
(480 mg, 50%) was obtained as white needles, mp 118-119 °C; [cc]̂ 5 -100 (c 0.510, 
CHCI3), -28 (c 0.360, MeOH); Su (400 MHz; CDC13) 1.41 (3H, d, J  6 .6 , CH3Ctf), 2.22
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(3H, s, ArC//3), 3.84 (3H, s, CH3O), 4.30 (1H, q, J 6 .6 , C//CH3), 4.34 (1H, s, C//CN), 6.97- 
6.99 (2H, m, Ar//), 7.19-7.21 (2H, m, Ar//), 7.52-7.54 (2H, m, Ar//), 7.58-7.62 (2H, m, 
Ar//); & (75.5 MHz; CDC13) 20.0 (CH3CH) , 21.2 (CH3Ar), 49.9, 55.3, 58.7, 113.1 (CN),
115.0, 123.3, 126.5, 129.8, 129.9, 130.4, 141.4, 160.8 (CArO); m/z (El) 265 (24%,M-HC1 
-  Me), 253 (45, M -  HC1 -  HCN), 238 (64, M -  HC1 -  HCN -  Me), 135 (100, C8H9NO); 






The title compound was synthesised according to the general procedure using 4- 
fluorobenzaldehyde 5.26e (0.32 mL, 3.00 mmol). After filtration, the aminonitrile 
hydrochloride (470 mg, 49%) was obtained as white needles, mp 137-138 °C; [ajf -53 (c
0.510, MeOH); fa (400 MHz; CDC13) 1.34 (3H, d, J 6 .6 , CH3C//), 3.84 (3H, s, C//30), 4.37 
(1H, q, J  6 .6 , CZ/CH3), 4.51 (1H, s, C//CN), 6.98-7.00 (2H, m, Ar//), 7.08-7.12 (2H, m, 
Ar//), 7.59-7.61 (2H, m, Ar//), 7.64-7.67 (2H, m, Ar//); & (75.5 MHz; CD3OD) 18.7 
(CH3CH), 54.7, 58.5, 62.5, 113.9 (CN), 115.0, 116.7 (d, J22.6, CArHCArF), 124.4, 127.8 (d, 
J 214.4, CArF), 131.7 (d, J9.0, CArHCArHCArF), 161.4 (CArO); m/z (Cl) 284 (2%, M -  HC1), 
269 (21, M -  HC1 -  Me), 258 (29, M -  HC1 -  CN), 135 (100, C8H9NO); Found: C, 63.4 ; H, 
5.74; N, 8.67. C17H]8C1FN20  requires C, 63.65; H, 5.66; N, 8.73%.
6.5.8 General Procedure fo r  the Synthesis o f  (S)-a-Arylglycine Hydrochlorides 
(5.32a-e.HCl)
The corresponding aminonitrile or aminonitrile hydrochloride was treated with 6 M HC1 
(amount corresponding to a 0.1M solution of aminonitrile or aminonitrile hydrochloride) 
and the mixture was refluxed at 90 °C for ca. 3-4 h. The reaction mixture was allowed to 
cool down to room temperature and extracted with Et20 . The organic extract was discarded 
and the aqueous layer was poured and concentrated in vacuo to dryness to give a 
white/yellowish solid. ]H NMR of the crude product showed it to be the corresponding (S)- 
a-arylglycine hydrochloride together with some (S)-l-(4-methoxyphenyl)ethylamine
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hydrochloride 0S)-5.27.HC1 (ca. 15-30%). This crude product was suspended in CDCI3 
(using a sonicator) and filtered to give the corresponding (5)-a-arylglycine hydrochloride as 
a white solid.
6.5.9 General Procedure fo r the Determination o f  the Enantiomeric Excess o f  
the Synthesised (S)-a-Arylglycine Hydrochlorides
The a-arylglycines hydrochlorides were converted to their respective methyl ester 
hydrochloride derivatives in quantitative yield by refluxing in MeOH/HCl at 85 °C for 12 h, 
followed by simple evaporation of the solvent. Each a-arylglycine methyl ester 
hydrochloride was then derivatised using the general procedure for determining the 
enantiomeric excess of a-amino esters described on page 194. The *11NMR spectra of the 
complexes formed using (5)-BINOL were compared with those obtained from the reaction 
with (rac)-BINOL.
6.5.10 Characterisation o f  the Synthesised (S)-a-Arylglycine Hydrochlorides
Br NH2.HCI 
'''COjH
(S)-a-Amino-a-(2-bromophenyl) acetic acid hydrochloride [(S)-a-(2- 
Bromophenyl)glycine hydrochloride] (S)-2.32a.HCl10
The title compound was synthesised according to the general procedure using aminonitrile
(S,S)-5.28a (246 mg, 0.71 mmol) and 8 mL of 6 M HC1. The compound was obtained as a 
white solid (151 mg, 80%); [ot£ 5 +60 (c 0.515, 1M HC1); (lit., [a]*3 +67 (c 0.250, 5M
HC1)); vmax(KBr)/cml 3409 (OH), 1747 (C=0), 1405 (OH); Su (300 MHz; D20 ) 5.42 (1H, 
s, CtfCOzH), 7.26-7.27 (1H, m, Ar//), 7.28-7.35 (2H, m, ArH), 7.62-7.64 (1H, d, J  1 2 , 
Ar//); Sc (100.5 MHz; D20 ) 56.6 (CHC02H), 124.0, 129.0, 129.9, 131.4, 132.2, 134.0, 
170.5 (C=0); m/z (Cl) 232 (29%, M -  HC1), 230 (29%, M -  HC1), 215 (14, M -  HC1 -  
NH3), 213 (14, M -  HC1 -  NH3), 186 (100, M -  HC1 -  C 02H), 184 (100, M -  HC1 -  C 02H). 
These data were in accordance with previous data reported in the literature. ee(%): 95 (see 
!H NMR spectrum in the appendix).
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n h 2.h c i
'COzH
(S)-a-Amino-a-phenyl acetic acid hydrochloride [(S)-a-Phenylglycine hydrochloride]
(S)-2.32b.HCln
The title compound was synthesised according to the general procedure using aminonitrile
(5.5)-5.28b (124 mg, 0.47 mmol). The compound was obtained as a white solid (53 mg, 
60%); Su (300 MHz; D20 ) 5.00 (1H, s, C//C02H), 7.33-7.41 (5H, m, ArH); Sc (100.5 MHz; 
D20 ) 56.8 (CHC02H), 128.1, 129.7, 130.4, 131.6, 170.9 (C=0); m/z (Cl) 152 (6 %, M -  
HC1), 135 (39, M -  HC1 -  NH3), 107 (100, M -  HC1 -  C 02H). These data were in 




(S)-a-Amino-a-o-tolyl acetic acid hydrochloride [(S)-a-(2-Methylphenyl)glycine
hydrochloride] 2.32c.HCl10
The title compound was synthesised according to the general procedure using aminonitrile
(5.5)-5.28c (300 mg, 1.07 mmol). The compound was obtained as a white solid (173 mg, 
80%); [a]2D5 +90 (c 0.100, 5M HC1); (lit., [a]23 +91 (c 0.100, 5M HC1)); Su (300 MHz; D20)
2.04 (3H, s, CH3), 5.05 (1H, s, C//C02H), 7.00-7.89 (4H, m, ArH); Sc (100.5 MHz; D20)
18.8 (CH3), 53.1 (CHC02H), 126.8, 127.1, 129.8, 130.3, 131.5, 137.4, 170.8 (C=0); m/z 
(Cl) 166 (8%, M -  Cl), 149.0 (26, M -  Cl -  NH3), 120 (100, M -  HC1 -  C 02H). These data 
were in accordance with previous data reported in the literature. ee(%): >95 (see lH NMR 
spectrum in the appendix).
NH2.HCI 
'''C 0 2H
(S)-a-Amino-arp-tolyl acetic acid hydrochloride [(S)-a-(4-Methylphenyl)glycine
hydrochloride] 2.32d.HCl10 
The title compound was synthesised according to the general procedure using aminonitrile
(5.5)-5.28d (150 mg, 0.53 mmol). The compound was obtained as a white solid (60 mg, 
56%); Su (300 MHz; D20 ) 2.21 (3H, s, CH3), 4.97 (1H, s, CtfC02H), 7.19 (2H, d, J  8.7, 
ArH), 7.23 (2H, d, J  8 .6 , ArH); Sc (100.5 MHz; D20 ) 20.7 (CH3), 56.7 (CHC02H), 128.1,
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128.6, 130.3, 140.9, 171.1 (C=0). These data were in accordance with previous data 
reported in the literature. ee(%): 85 (see 1H NMR spectrum in the appendix).
n h 2.h c i
'''C 0 2H
(S)-a-Amino-a-(4-fluorophenyl) acetic acid hydrochloride [(S)-a-(4- 
Fluorophenyl)glycine hydrochloride] 2.32e.HCl10 
The title compound was synthesised according to the general procedure using acetonitrile 
hydrochloride (S,S)~5.28 e.HCl (77 mg, 0.24 mmol). The compound was obtained as a white 
solid (31 mg, 63%); Su (300 MHz; D20 ) 5.05 (1H, s, Ci/C02H), 7.10 (2H, app. t, J  8.7, 
ArH), 7.34-7.39 (2H, m, ArH); Sc (100.5 MHz; D20 ) 56.1 (CHC02H), 116.7 (d, J  22.2, 
CArHCArF), 127.6 (d, J  3.1, CArH(CArH)2CArF), 130.5 (d, J  9.2 Hz, CArHCArHCArF), 163.3 
(d, J  246.9, CatF), 170.7 (C=O); m/z (Cl) 170 (12%, M -  Cl), 153 (36, M -  Cl -  NH2), 124 
(100, M -  HC1 -  C02H). These data were in accordance with previous data reported in the 
literature. ee(%): 96 (see *H NMR spectrum in the appendix).
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1H NMR Spectra o f  Complexes o f  Table 5.1
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1H NMR Spectra Used fo r  the Determination o f  the Enantiomeric Excess o f  the 
Synthesised a-Arylglycines
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X-ray Crystal S tructu re  Data of [5SJ-3.19
Table 1 Crystal data and structure refinement for k02tdj 1
Identification code k02tdj 1





Space group P2, 2, 2,
Unit cell dimensions a -9 .8 3 0 4 (2 ) A a= 90°. 
b = 12.4027(3) A P= 90°. 
c= 15.4087(4) A y = 90°.
Volume 1878.68(8) A3
Z 4
Density (calculated) 1.348 Mg/m3
Absorption coefficient 0.099 mm-1
F(000) 800
Crystal size 0.25 x 0.25 x 0.15 mm3
Theta range for data collection 2.96 to 25.69°.
Index ranges -8<=h<=l 1, -14<=k<= 15, -18<=1<=18
Reflections collected 11920
Independent reflections 3530 [R(int) = 0.0512]
Completeness to theta = 25.69° 99.4 %
Absorption correction None
Max. and min. transmission 0.9853 and 0.9757
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3 5 3 0 /0 /2 5 6
Goodness-of-fit on F2 1.056
Final R indices [I>2sigma(I)] 
R indices (all data)
Absolute structure parameter 
Extinction coefficient 
Largest diff. peak and hole
R1 = 0.0337, wR2 = 0.0733 
R1 = 0.0458, wR2 = 0.0785 
-0 .1(8)
0.031(3)
0.196 and -0.300 e.A'3
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Table 2 Atomic coordinates ( x 10^) and equivalent isotropic displacement parameters (A^x 1(P) for k02tdjl. U(eq) 
is defined as one third o f the trace o f the orthogonalized U]J tensor.
X y z U(eq)
B (l) 8745(2) 1527(2) 893(1) 25(1)
N (l) 9339(1) 2599(1) 325(1) 26(1)
0 (1 ) 7644(1) 990(1) 450(1) 26(1)
0 (2 ) 9854(1) 758(1) 960(1) 27(1)
0 (3 ) 7547(1) -1790(1) 266(1) 30(1)
0 (4 ) 5914(1) -598(1) -41(1) 41(1)
0 (5 ) 11794(1) 77(1) -250(1) 33(1)
0 (6 ) 10219(1) -1009(1) -848(1) 29(1)
C (l) 8335(2) 2210(1) 1749(1) 26(1)
0(2) 7762(2) 1915(2) 2534(1) 33(1)
0(3) 7553(2) 2686(2) 3183(1) 38(1)
0(4) 7918(2) 3748(2) 3061(1) 37(1)
0(5) 8487(2) 4074(2) 2274(1) 34(1)
0(6) 8661(2) 3304(1) 1631(1) 28(1)
0(7) 9266(2) 3460(1) 778(1) 30(1)
0(8) 10025(2) 2582(2) -521(1) 30(1)
0(9) 9116(2) 2200(1) -1244(1) 27(1)
0(10) 7820(2) 2624(2) -1357(1) 39(1)
0(11) 7000(2) 2239(2) -2014(1) 58(1)
0(12) 7454(3) 1421(2) -2558(1) 63(1)
0(13) 8751(3) 1026(2) -2469(1) 51(1)
0(14) 9585(2) 1419(1) -1816(1) 35(1)
C(101) 10675(2) -318(1) -248(1) 24(1)
C(102) 9576(2) -137(1) 427(1) 24(1)
C(103) 8155(2) 73(1) 21(1) 22(1)
C(104) 7199(2) -883(1) 109(1) 24(1)
C(105) 11160(2) -1291(2) -1538(1) 34(1)
C(106) 4925(2) -1471(2) -23(2) 50(1)
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Table 3 Bond lengths [A] and angles [°] for k02tdjl.
B (l)-0 (1 ) 1.442(2) C(2)-C(3) 1.398(3)
B (l)-0 (2 ) 1.452(2) C(3)-C(4) 1.378(3)
B (l)-C (l) 1.618(2) C(4)-C(5) 1.396(3)
B (l)-N (l) 1.696(2) C(5)-C(6) 1.387(2)
N (l)-C (7) 1.278(2) C(6)-C(7) 1.456(2)
N (l)-C (8) 1.468(2) C(8)-C(9) 1.504(2)
O(l)-C(103) 1.4089(19) C(9)-C(14) 1.388(2)
O(2)-C(102) 1.4066(19) C(9)-C(10) 1.389(3)
O(3)-C(104) 1.2003(19) C (10)-C (ll) 1.379(3)
O(4)-C(104) 1.332(2) C(11)-C(12) 1.389(4)
O(4)-C(106) 1.456(2) C(12)-C(13) 1.373(4)
O(5)-C(101) 1.205(2) C(13)-C(14) 1.386(3)
O(6)-C(101) 1.3375(19) C(101)-C(102) 1.517(2)
O(6)-C(105) 1.452(2) C(102)-C(103) 1.552(2)
C(l)-C(2) 1.384(2) C(103)-C(104) 1.519(2)
C(l)-C(6) 1.406(2)
0 ( l) -B ( l) -0 (2 ) 107.07(13) C(l)-C(6)-C(7) 109.80(15)
0(1)-B(1)-C(1) 116.12(14) N(l)-C(7)-C(6) 113.87(15)
0 (2 )-B (l)-C (l) 118.21(14) N(l)-C(8)-C(9) 112.90(13)
0(1)-B(1)-N (1) 112.11(13) C(14)-C(9)-C(10) 119.28(17)
0 (2 )-B (l)-N (l) 107.04(13) C(14)-C(9)-C(8) 119.56(16)
C (l)-B (l)-N (l) 95.52(12) C(10)-C(9)-C(8) 121.16(16)
C(7)-N(l)-C(8) 121.52(14) C(11)-C(10)-C(9) 119.8(2)
C (7)-N (l)-B (l) 110.74(13) C(10)-C(l 1)-C(12) 120.5(2)
C (8)-N (l)-B (l) 127.26(13) C(13)-C(12)-C(l 1) 119.89(19)
C(103)-O (l)-B(l) 109.08(12) C(12)-C(13)-C(14) 119.7(2)
C(102)-O(2)-B(l) 109.34(12) C(13)-C(14)-C(9) 120.7(2)
C( 104)-O(4)-C( 106) 115.66(13) O(5)-C(101)-O(6) 124.40(15)
C( 101 )-0(6)-C ( 105) 116.53(13) 0(5)-C ( 101 )-C( 102) 126.27(15)
C(2)-C(l)-C(6) 117.47(16) 0(6)-C ( 101 )-C( 102) 109.31(13)
C (2)-C (l)-B (l) 132.50(15) 0(2)-C ( 102)-C( 101) 112.27(13)
C (6)-C (l)-B (l) 110.04(14) 0(2)-C ( 102)-C( 103) 106.12(12)
C(l)-C(2)-C(3) 120.24(17) C( 101 )-C( 102)-C( 103) 112.86(13)
C(4)-C(3)-C(2) 121.23(18) 0 (  1 )-C( 103)-C( 104) 111.55(12)
C(3)-C(4)-C(5) 119.98(17) 0 (  1 )-C( 103)-C( 102) 105.49(12)
C(6)-C(5)-C(4) 118.06(17) C(104)-C(103)-C(102) 112.93(13)
C(5)-C(6)-C(l) 122.97(16) O(3)-C(104)-O(4) 123.65(15)
C(5)-C(6)-C(7) 127.12(16) 0(3)-C ( 104)-C( 103) 124.97(15)
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0(4)-C ( 104)-C( 103) 111.33(13)
Table 4 Anisotropic displacement parameters (A^x 10^)for k02tdj 1. The anisotropic displacement factor exponent 
takes the form: - 2 n ^ [  h^a*^U^  ̂ + ... + 2 h k a * b * U ^ ]
u 11 U22 U33 U23 U 13 U 12
B (l) 21(1) 24(1) 31(1) 2(1) -1(1) -1(1)
N (l) 23(1) 26(1) 29(1) 1(1) -2(1) -4(1)
0 (1 ) 21(1) 20(1) 36(1) -5(1) 0(1) 1(1)
0 (2 ) 25(1) 26(1) 31(1) -6(1) -3(1) 2(1)
0 (3 ) 30(1) 22(1) 39(1) 3(1) 0(1) 2(1)
0 (4 ) 21(1) 24(1) 77(1) 11(1) -9(1) -4(1)
0 (5 ) 22(1) 37(1) 40(1) -2(1) 4(1) -2(1)
0(6 ) 26(1) 28(1) 31(1) -4(1) 6(1) -1(1)
C (l) 21(1) 26(1) 30(1) 0(1) -1(1) 1(1)
C(2) 36(1) 31(1) 30(1) 2(1) 0(1) 4(1)
0(3) 40(1) 46(1) 26(1) -2(1) 0(1) 12(1)
0(4) 37(1) 42(1) 33(1) -11(1) -9(1) 11(1)
0(5) 30(1) 29(1) 44(1) -7(1) -9(1) 3(1)
0(6) 23(1) 26(1) 34(1) -4(1) -7(1) 3(1)
0(7) 26(1) 24(1) 38(1) 0(1) -5(1) -3(1)
0(8) 25(1) 34(1) 32(1) 4(1) 4(1) -4(1)
0(9) 26(1) 29(1) 26(1) 7(1) 3(1) -8(1)
0(10) 28(1) 58(1) 30(1) 11(1) 5(1) -2(1)
0(11) 27(1) 116(2) 31(1) 23(1) -1(1) -18(1)
0(12) 65(2) 99(2) 25(1) 9(1) -5(1) -53(2)
0(13) 85(2) 41(1) 28(1) 2(1) 7(1) -25(1)
0(14) 48(1) 29(1) 28(1) 9(1) 6(1) -2(1)
C(101) 22(1) 21(1) 29(1) 2(1) -3(1) 3(1)
C(102) 23(1) 22(1) 26(1) 0(1) 0(1) 0(1)
C(103) 22(1) 19(1) 26(1) 0(1) 2(1) 2(1)
C(104) 23(1) 25(1) 24(1) 1(1) 0(1) 1(1)
C(105) 36(1) 33(1) 34(1) -3(1) 10(1) 4(1)
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Completeness to theta = 27.49° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Absolute structure parameter 
Extinction coefficient 
Largest diff. peak and hole
kO 1 tdj 5






a = 13.3810(2) A a=
b = 8.02070(10) A p=






0.45 x 0.30 x 0.30 mm3 
3.67 to 27.49°.
-17<=h<=17, -10<=k<=10, -17<= 
29375
6620 [R(int) = 0.0438]
99.4 %
None
0.9019 and 0.8578 
Full-matrix least-squares on F2 
6620 / 1 / 375 
1.025
R1 =0 .0404 , wR2 = 0.1021 
R1 = 0.0457, wR2 = 0.1059 
0.03(5)
0.005(2)







Table 2 Atomic coordinates ( x 10^) and equivalent isotropic displacement parameters (A^x 10^) for kO 1 tdj5. U(eq) 
is defined as one third o f the trace o f  the orthogonalized LPJ tensor.
x y z U(eq)
B (l) 8604(2) 12242(3) 6785(2) 23(1
N (l) 7974(1) 13537(2) 5954(1) 25(1
0 (1 ) 8144(1) 10620(2) 6501(1) 24(1
0 (2 ) 8538(1) 12800(2) 7770(1) 24(1
C (l) 9726(1) 12588(2) 6555(1) 22(1
0(2) 10673(2) 11874(3) 6887(1) 25(1
0(3) 11518(2) 12429(3) 6514(2) 28(1
0(4) 11420(2) 13696(3) 5811(2) 30(1
0(5) 10476(2) 14437(3) 5463(2) 29(1
0(6) 9642(1) 13865(3) 5840(1) 23(1
0(7) 8582(2) 14382(3) 5532(1) 26(1
0(8) 6848(2) 13703(3) 5727(2) 34(1
0(9) 6474(1) 15340(3) 5256(2) 27(1
0(10) 6049(2) 15433(3) 4248(2) 35(1
0(11) 5704(2) 16964(4) 3829(2) 48(1
0(12) 5781(2) 18383(4) 4414(2) 50(1
0(13) 6194(2) 18280(3) 5416(2) 45(1
0(14) 6542(2) 16771(3) 5826(2) 35(1
C(101) 8413(2) 9406(2) 7211(1) 23(1
C(102) 9068(2) 8111(3) 7026(2) 27(1
C(103) 9381(2) 6919(3) 7730(2) 28(1
C( 104) 9076(2) 6975(2) 8660(2) 26(1
C (105) 9462(2) 5815(3) 9422(2) 33(1
C(106) 9179(2) 5898(3) 10320(2) 36(1
C(107) 8484(2) 7121(3) 10488(2) 34(1
C(108) 8097(2) 8269(3) 9775(2) 27(1
C(109) 8386(1) 8244(2) 8833(1) 23(1
C(110) 8031(1) 9458(2) 8073(1) 22(1
C(201) 7665(1) 12481(2) 8119(1) 23(1
C(202) 7124(2) 13856(3) 8389(2) 27(1
C(203) 6234(2) 13623(3) 8716(2) 31(1
C(204) 5824(2) 12001(3) 8747(1) 27(1
C(205) 4860(2) 11745(3) 9014(2) 36(1
C(206) 4433(2) 10185(4) 8969(2) 41(1
C(207) 4957(2) 8816(3) 8675(2) 39(1
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C(208) 5903(2) 9008(3) 8446(2) 30(1)
C(209) 6368(2) 10608(3) 8484(1) 24(1)
C(210) 7350(1) 10861(2) 8228(1) 22(1)
C(1S) 12185(2) 16357(3) 7836(2) 37(1)
C1(1S) 12220(1) 17794(1) 6893(1) 68(1)
C1(2S) 12093(1) 17395(1) 8939(1) 54(1)
C1(3S) 13242(1) 15032(1) 8045(1) 62(1)
Table 3 Bond lengths [A] and angles [°] for kO 1 tdj5
B (l)-0 (2 ) 1.446(2) C(102)-C(103) 1.366(3)
B (l)-0 (1 ) 1.459(3) C(103)-C(104) 1.420(3)
B (l)-C (l) 1.620(3) C(104)-C(105) 1.419(3)
B (l)-N (l) 1.646(3) C(104)-C(109) 1.426(3)
N (l)-C (7) 1.283(3) C(105)-C(106) 1.364(3)
N (l)-C (8) 1.483(3) C(106)-C(107) 1.402(3)
O (l)-C(101) 1.376(2) C(107)-C(108) 1.369(3)
O(2)-C(201) 1.372(2) C(108)-C(109) 1.425(3)
C(l)-C(2) 1.382(3) C(109)-C(110) 1.437(3)
C(l)-C(6) 1.409(3) C(110)-C(210) 1.490(3)
C(2)-C(3) 1.404(3) C(201)-C(210) 1.384(3)
C(3)-C(4) 1.391(3) C(201)-C(202) 1.410(3)
C(4)-C(5) 1.390(3) C(202)-C(203) 1.368(3)
C(5)-C(6) 1.400(3) C(203)-C(204) 1.416(3)
C(6)-C(7) 1.456(3) C(204)-C(209) 1.419(3)
C(8)-C(9) 1.505(3) C(204)-C(205) 1.426(3)
C(9)-C(14) 1.383(3) C(205)-C(206) 1.372(4)
C(9)-C(10) 1.392(3) C(206)-C(207) 1.405(4)
C (10)-C (ll) 1.395(4) C(207)-C(208) 1.372(3)
C(11)-C(12) 1.385(5) C(208)-C(209) 1.423(3)
C(12)-C(13) 1.381(4) C(209)-C(210) 1.442(3)
C(13)-C(14) 1.377(4) C(1S)-C1(1S) 1.743(3)
C(101)-C(110) 1.383(3) C(1S)-C1(3S) 1.746(3)
C(101)-C(102) 1.414(3) C(1S)-C1(2S) 1.757(2)
0 (2 )-B ( l) -0 ( l) 115.20(16) 0 (2 )-B (l)-N (l) 109.69(16)
0 (2 )-B (l)-C (l) 111.31(16) 0(1)-B(1)-N (1) 104.29(15)
0(1)-B(1)-C (1) 117.24(17) C (l)-B (l)-N (l) 96.97(14)
Appendices
C(7)-N(l)-C(8) 124.53(17) C( 103)-C( 104)-C( 109) 119.04(18)
C (7)-N (l)-B (l) 111.41(16) C( 106)-C( 105 )-C( 104) 120.7(2)
C (8)-N (l)-B (l) 124.06(15) C(105)-C(106)-C(107) 119.8(2)
C (101)-O (l)-B (l) 113.84(14) C(108)-C(107)-C(106) 121.4(2)
C(201)-O(2)-B(l) 119.04(15) C( 107)-C( 108)-C( 109) 120.6(2)
C(2)-C(l)-C(6) 118.17(17) C( 108)-C( 109)-C( 104) 117.64(18)
C (2)-C (l)-B (l) 133.55(17) C( 10 8)-C( 109)-C( 110) 122.80(18)
C (6)-C (l)-B (l) 108.25(16) C( 104)-C( 109)-C( 110) 119.54(17)
C(l)-C(2)-C(3) 120.01(19) C( 101 )-C( 110)-C( 109) 118.59(18)
C(4)-C(3)-C(2) 120.93(18) C( 101 )-C( 110)-C(210) 119.14(17)
C(5)-C(4)-C(3) 120.35(18) C( 109)-C( 110)-C(210) 121.98(16)
C(4)-C(5)-C(6) 117.97(19) O(2)-C(201 )-C(210) 120.83(17)
C(5)-C(6)-C(l) 122.58(18) O(2)-C(201 )-C(202) 117.67(17)
C(5)-C(6)-C(7) 127.00(18) C(210)-C(201 )-C(202) 121.47(17)
C(l)-C(6)-C(7) 110.31(16) C(203)-C(202)-C(201) 120.48(19)
N (l)-C(7)-C(6) 112.74(18) C(202)-C(203)-C(204) 120.22(19)
N(l)-C(8)-C(9) 113.91(17) C(203)-C(204)-C(209) 119.63(18)
C(14)-C(9)-C(10) 119.2(2) C(203)-C(204)-C(205) 121.0(2)
C(14)-C(9)-C(8) 120.15(19) C(209)-C(204)-C(205) 119.3(2)
C(10)-C(9)-C(8) 120.6(2) C(206)-C(205)-C(204) 120.6(2)
C (9)-C(10)-C (ll) 119.6(2) C(205)-C(206)-C(207) 119.9(2)
C (12)-C(ll)-C(10) 120.2(2) C(208)-C(207)-C(206) 121.0(2)
C (13)-C(12)-C (ll) 119.9(2) C(207)-C(208)-C(209) 120.6(2)
C(14)-C(13)-C(12) 119.8(3) C(204)-C(209)-C(208) 118.47(18)
C(13)-C(14)-C(9) 121.3(2) C(204)-C(209)-C(210) 119.41(18)
0(1)-C(101)-C(110) 119.93(17) C(208)-C(209)-C(210) 122.07(19)
0 (  1 )-C( 101 )-C( 102) 118.39(17) C(201 )-C(210)-C(209) 118.10(17)
C( 110)-C( 101 )-C( 102) 121.67(18) C(201 )-C(210)-C( 110) 119.02(17)
C( 103)-C( 102)-C( 101) 119.99(18) C(209)-C(210)-C( 110) 122.88(17)
C( 102)-C( 103)-C( 104) 120.91(19) Cl( 1 S)-C( 1 S)-C1(3 S) 112.55(14)
C( 105)-C( 104)-C( 103) 121.13(19) Cl( 1 S)-C( 1 S)-C1(2S) 110.28(14)
C( 105)-C( 104)-C( 109) 119.82(19) Cl(3 S)-C( 1 S)-C1(2S) 109.91(13)
- 244 -
Appendices
Table 4 Anisotropic displacement parameters (A2x 103)for kO 1 tdj5. The anisotropic displacement factor exponent 
takes the form: -27i2[ h2a*2U '1 + ... + 2 h k a* b* U 12 ]
U 11 U22 U33 U23 U 13 U 12
B(l) 25(1) 23(1) 22(1) 4(1) 5(1) -2(1)
N (l) 25(1) 24(1) 26(1) 3(1) 4(1) -1(1)
0 (1 ) 31(1) 23(1) 20(1) 1(1) 5(1) -5(1)
0 (2 ) 28(1) 23(1) 23(1) -2(1) 10(1) -5(1)
C (l) 27(1) 22(1) 17(1) -2(1) 6(1) -4(1)
0(2) 30(1) 24(1) 21(1) -4(1) 4(1) 0(1)
0(3) 23(1) 32(1) 28(1) -8(1) 4(1) 2(1)
0(4) 28(1) 36(1) 29(1) -6(1) 11(1) -6(1)
0(5) 31(1) 31(1) 25(1) 2(1) 10(1) -4(1)
0(6) 27(1) 24(1) 20(1) -1(1) 8(1) -1(1)
0(7) 32(1) 22(1) 23(1) 4(1) 5(1) -2(1)
0(8) 23(1) 37(1) 41(1) 8(1) 3(1) -1(1)
0(9) 19(1) 35(1) 26(1) 4(1) 4(1) -1(1)
0(10) 24(1) 51(1) 28(1) 0(1) 5(1) 4(1)
0(11) 26(1) 77(2) 38(1) 19(1) 3(1) 6(1)
0(12) 26(1) 45(2) 79(2) 27(1) 13(1) 8(1)
0(13) 29(1) 34(1) 73(2) -4(1) 12(1) 1(1)
0(14) 26(1) 41(1) 38(1) -4(1) 6(1) -2(1)
C(101) 26(1) 21(1) 23(1) 0(1) 2(1) -4(1)
C(102) 31(1) 25(1) 26(1) -4(1) 8(1) -4(1)
C(103) 27(1) 24(1) 34(1) -4(1) 7(1) 2(1)
C(104) 26(1) 22(1) 29(1) -1(1) 2(1) -1(1)
C(105) 32(1) 28(1) 36(1) 4(1) 1(D 6(1)
C(106) 41(1) 32(1) 33(1) 10(1) 0(1) 5(1)
C(107) 42(1) 35(1) 25(1) 8(1) 5(1) 1(1)
C(108) 31(1) 27(1) 24(1) 4(1) 5(1) 0(1)
C(109) 24(1) 20(1) 22(1) 0(1) 2(1) -4(1)
C(110) 21(1) 20(1) 24(1) -1(1) 2(1) -4(1)
C(201) 26(1) 23(1) 21(1) 2(1) 5(1) -1(1)
C(202) 34(1) 23(1) 27(1) 0(1) 8(1) 1(1)
C(203) 35(1) 30(1) 29(1) 2(1) 10(1) 7(1)
C(204) 25(1) 36(1) 21(1) 5(1) 5(1) 2(1)
C(205) 27(1) 50(1) 32(1) 4(1) 11(1) 6(1)
C(206) 25(1) 61(2) 40(1) 7(1) 11(1) -4(1)
C(207) 32(1) 45(1) 41(1) 7(1) 8(1) -12(1)
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C(208) 30(1) 31(1) 31(1) 4(1) 7(1) -5(1)
C(209) 24(1) 29(1) 20(1) 5(1) 3(1) -2(1)
C(210) 25(1) 24(1) 17(1) 3(1) 4(1) 0(1)
C1(1S) 101(1) 52(1) 50(1) 14(1) 16(1) -3(1)
C1(2S) 66(1) 50(1) 47(1) -10(1) 16(1) -11(1)
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X-ray Crystal S tructure  Data of [SJ-3.1



















Completeness to theta = 27.50° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Absolute structure parameter 
Extinction coefficient 
Largest diff. peak and hole
kO 1 tdj 7






a = 13.3834(4) A 
b = 8.0181(2) A 






0.25 x 0.20 x 0.13 mm3 
3.66 to 27.50°.
-17<=h<= 16, -10<=k<=9, -17<=1<=17 
13043
5473 [R(int) = 0.0397]
99.0 %
None
0.9557 and 0.9172 
Full-matrix least-squares on F2 
5473 / 1 / 380 
1.046
R1 =0.0412, wR2 = 0.0955 
R1 =0.0537, wR2 = 0.1024 
0.04(6)
0.019(2)






Table 2 Atomic coordinates ( x 10^) and equivalent isotropic displacement parameters (A^x 1(P) for k01tdj7. U(eq) 
is defined as one third o f the trace o f the orthogonalized U0 tensor.
X y z U(eq)
B (l) 6397(2) 1096(4) 3213(2) 25(1)
N (l) 7027(1) -195(3) 4048(2) 26(1)
0 (2 ) 6464(1) 541(2) 2231(1) 25(1)
0 (1 ) 6857(1) 2724(2) 3498(1) 26(1)
C(201) 7335(2) 864(3) 1881(2) 24(1)
C(202) 7878(2) -514(3) 1610(2) 28(1)
C(203) 8768(2) -275(4) 1289(2) 32(1)
C(204) 9177(2) 1341(4) 1255(2) 28(1)
C(209) 8633(2) 2733(3) 1516(2) 25(1)
C(210) 7650(2) 2483(3) 1771(2) 23(1)
C(205) 10143(2) 1595(4) 986(2) 36(1)
C(206) 10568(2) 3151(5) 1033(2) 42(1)
C(207) 10042(2) 4528(4) 1325(2) 40(1)
C(208) 9099(2) 4333(4) 1553(2) 30(1)
C(101) 6588(2) 3938(3) 2788(2) 24(1)
C(110) 6971(2) 3881(3) 1926(2) 22(1)
C(109) 6617(2) 5100(3) 1167(2) 24(1)
C(104) 5926(2) 6367(3) 1337(2) 27(1)
C(103) 5621(2) 6415(3) 2272(2) 30(1)
C(102) 5934(2) 5228(3) 2974(2) 28(1)
C(108) 6902(2) 5076(3) 226(2) 28(1)
C(107) 6517(2) 6219(4) -486(2) 36(1)
C(106) 5822(2) 7442(4) -321(2) 37(1)
C(105) 5541(2) 7524(4) 577(2) 33(1)
0(9) 8526(2) -1997(3) 4745(2) 27(1)
0(14) 8950(2) -2092(4) 5750(2) 35(1)
0(13) 9296(2) -3624(5) 6172(2) 47(1)
0(12) 9217(2) -5033(5) 5582(3) 51(1)
0(11) 8804(2) -4936(4) 4587(3) 46(1)
0(10) 8458(2) -3425(4) 4180(2) 36(1)
0(8) 8152(2) -367(4) 4272(2) 34(1)
0(7) 6417(2) -1035(3) 4467(2) 26(1)
0(6) 5356(2) -519(3) 4159(2) 23(1)
0(1) 5275(2) 753(3) 3448(2) 23(1)
0(2) 4326(2) 1464(3) 3113(2) 26(1)
- 249-
Appendices
C(3) 3484(2) 911(4) 3488(2) 29(1)
C(4) 3581(2) -355(4) 4189(2) 31(1)
C(5) 4527(2) -1094(4) 4536(2) 30(1)
C(1S) 7186(2) 1982(4) 7841(2) 39(1)
C1(2S) 7219(1) 548(1) 6893(1) 70(1)
C1(1S) 7094(1) 946(1) 8937(1) 55(1)
C1(3S) 8244(1) 3304(1) 8042(1) 65(1)
Table 3 Bond lengths [A] and angles [°] for k01tdj7.
B (l)-0 (2 ) 1.442(3) C(109)-C(104) 1.424(3)
B (l)-0 (1 ) 1.463(3) C(104)-C(105) 1.416(4)
B (l)-C (l) 1.622(3) C(104)-C(103) 1.425(4)
B (l)-N (l) 1.647(3) C(103)-C(102) 1.362(4)
N (l)-C (7) 1.282(3) C(108)-C(107) 1.365(4)
N(l)-C (8) 1.481(3) C(107)-C(106) 1.400(4)
O(2)-C(201) 1.372(3) C(106)-C(105) 1.363(4)
O(l)-C(101) 1.375(3) C(9)-C(10) 1.377(4)
C(201)-C(210) 1.383(4) C(9)-C(14) 1.387(4)
C(201)-C(202) 1.413(4) C(9)-C(8) 1.501(4)
C(202)-C(203) 1.364(4) C(14)-C(13) 1.398(5)
C(203)-C(204) 1.411(4) C(13)-C(12) 1.383(5)
C(204)-C(209) 1.417(4) C(12)-C(l 1) 1.373(5)
C(204)-C(205) 1.429(3) C (ll)-C (10) 1.375(4)
C(209)-C(208) 1.422(4) C(7)-C(6) 1.457(3)
C(209)-C(210) 1.442(3) C(6)-C(5) 1.394(3)
C(210)-C(l 10) 1.485(3) C(6)-C(l) 1.403(3)
C(205)-C(206) 1.367(5) C(l)-C(2) 1.385(3)
C(206)-C(207) 1.410(5) C(2)-C(3) 1.401(3)
C(207)-C(208) 1.370(4) C(3)-C(4) 1.388(4)
C(101)-C(l 10) 1.384(3) C(4)-C(5) 1.393(4)
C( 101 )-C( 102) 1.411(4) C(1S)-C1(3S) 1.745(3)
C(110)-C(109) 1.440(3) C(1S)-C1(2S) 1.746(3)
C(109)-C(108) 1.421(3) C(1S)-C1(1S) 1.747(3)
0 (2 )-B ( l) -0 ( l) 115.1(2) 0 (2 )-B (l)-N (l) 109.9(2)
0 (2 )-B (l)-C (l) 111.6(2) 0(1)-B(1)-N (1) 104.18(1
0(1)-B(1)-C(1) 117.0(2) C (l)-B (l)-N (l) 96.89(1
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C(7)-N(l)-C(8) 124.8(2) C( 105)-C( 104)-C( 109) 119.8(2)
C (7)-N (l)-B (l) 111.14(19) C( 105)-C( 104)-C( 103) 121.5(2)
C (8)-N (l)-B (l) 124.10(19) C( 109)-C( 104)-C( 103) 118.7(2)
C(201)-O (2)-B(l) 119.14(19) C( 102)-C( 103)-C( 104) 121.2(2)
C (101)-O (l)-B (l) 113.86(18) C( 103)-C( 102)-C( 101) 119.8(2)
O(2)-C(201 )-C(210) 121.0(2) C( 107)-C( 108)-C( 109) 120.9(3)
O(2)-C(201 )-C(202) 117.6(2) C( 108)-C( 107)-C( 106) 121.4(3)
C (210)-C (201 )-C(202) 121.4(2) C( 105)-C( 106)-C( 107) 119.6(3)
C(203)-C(202)-C(201) 120.2(2) C( 106)-C( 105)-C( 104) 120.8(3)
C(202)-C(203)-C(204) 120.7(2) C(10)-C(9)-C(14) 119.0(3)
C(203)-C(204)-C(209) 119.5(2) C(10)-C(9)-C(8) 120.0(2)
C(203)-C(204)-C(205) 121.2(3) C(14)-C(9)-C(8) 121.0(3)
C(209)-C(204)-C(205) 119.3(3) C(9)-C(14)-C(13) 119.9(3)
C(204)-C(209)-C(208) 118.5(2) C(12)-C(13)-C(14) 119.6(3)
C(204)-C(209)-C(210) 119.5(2) C(11)-C(12)-C(13) 120.5(3)
C(208)-C(209)-C(210) 122.0(2) C(12)-C(l 1)-C(10) 119.5(3)
C (201 )-C (210)-C(209) 118.0(2) C(11)-C(10)-C(9) 121.6(3)
C (201 )-C (210)-C( 110) 119.0(2) N(l)-C(8)-C(9) 114.1(2)
C(209)-C(210)-C( 110) 123.0(2) N(l)-C(7)-C(6) 113.0(2)
C(206)-C(205)-C(204) 120.5(3) C(5)-C(6)-C(l) 122.9(2)
C(205)-C(206)-C(207) 120.1(2) C(5)-C(6)-C(7) 126.8(2)
C(208)-C(207)-C(206) 120.7(3) C(l)-C(6)-C(7) 110.2(2)
C(207)-C(208)-C(209) 120.8(3) C(2)-C(l)-C(6) 118.0(2)
O(l)-C(101)-C(110) 119.8(2) C (2)-C (l)-B (l) 133.5(2)
0 (  1 )-C( 101 )-C( 102) 118.2(2) C (6)-C (l)-B (l) 108.4(2)
C( 110)-C( 101 )-C( 102) 122.0(2) C(l)-C(2)-C(3) 119.9(2)
C( 101 )-C( 110)-C( 109) 118.3(2) C(4)-C(3)-C(2) 121.2(2)
C( 101 )-C( 110)-C(210) 119.4(2) C(3)-C(4)-C(5) 120.1(2)
C( 109)-C( 110)-C(210) 122.0(2) C(4)-C(5)-C(6) 118.0(3)
C( 108)-C( 109)-C( 104) 117.5(2) C1(3S)-C(1 S)-C1(2S) 112.19(17)
C( 108)-C( 109)-C( 110) 122.8(2) Cl(3 S)-C( 1 S)-C1( 1S) 110.33(16)
C( 104)-C( 109)-C( 110) 119.7(2) C1(2S)-C( 1 S)-C1( 1S) 110.39(17)
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Table 4 Anisotropic displacement parameters (A^x l(P)for k01tdj7. The anisotropic displacement factor exponent 
takes the form: - 2 n ^ [  h^a*^U^  ̂ + ... + 2 h k a* b* ]
U 11 U22 u 33 U23 U 13 U 12
B(l) 26(1) 21(2) 29(1) 2(1) 6(1) -2(1)
N (l) 25(1) 23(1) 27(1) 2(1) 4(1) -1(1)
0 (2 ) 30(1) 22(1) 26(1) -2(1) 12(1) -6(1)
0 (1 ) 31(1) 22(1) 24(1) 1(1) 6(1) -6(1)
C(201) 28(1) 22(1) 23(1) 3(1) 6(1) -1(1)
C(202) 35(1) 21(1) 29(1) 0(1) 9(1) 1(1)
C(203) 34(1) 29(2) 33(2) 2(1) 9(1) 8(1)
C(204) 26(1) 35(2) 24(1) 4(1) 5(1) 1(1)
C(209) 24(1) 29(1) 21(1) 5(1) 3(1) -2(1)
C(210) 25(1) 23(1) 19(1) 3(1) 4(1) 0(1)
C(205) 26(1) 50(2) 34(2) 3(1) 10(1) 6(1)
C(206) 26(1) 60(2) 44(2) 6(2) 13(1) -2(1)
C(207) 33(1) 43(2) 43(2) 6(2) 8(1) -11(1)
C(208) 31(1) 28(1) 31(1) 4(1) 6(1) -5(1)
C(101) 27(1) 19(1) 24(1) 2(1) 2(1) -4(1)
C(110) 21(1) 18(1) 27(1) 0(1) 3(1) -4(1)
C(109) 25(1) 21(1) 24(1) -1(1) 3(1) -4(1)
C(104) 25(1) 22(1) 32(1) -1(1) 1(1) -1(1)
C(103) 27(1) 25(1) 38(2) -5(1) 8(1) 1(1)
C(102) 29(1) 27(1) 29(1) -3(1) 8(1) -3(1)
C(108) 31(1) 27(1) 26(1) 5(1) 5(1) -1(1)
C(107) 42(2) 36(2) 28(1) 7(1) 6(1) 1(1)
C(106) 40(2) 32(2) 37(2) 10(1) 0(1) 7(1)
C(105) 31(1) 28(2) 37(2) 2(1) 0(1) 6(1)
C(9) 20(1) 33(2) 27(1) 5(1) 5(1) -2(1)
0(14) 24(1) 49(2) 32(2) -2(1) 8(1) 2(1)
0(13) 28(1) 75(3) 38(2) 19(2) 4(1) 8(2)
0(12) 26(1) 45(2) 84(3) 24(2) 14(2) 9(1)
0(11) 30(1) 33(2) 76(2) -5(2) 13(1) 1(1)
0(10) 29(1) 39(2) 39(2) -3(1) 6(1) -1(1)
0(8) 23(1) 37(2) 41(2) 6(1) 2(1) -2(1)
0(7) 33(1) 22(1) 24(1) 3(1) 5(1) -1(1)
0(6) 28(1) 22(1) 21(1) -2(1) 8(1) 0(1)
0(1) 26(1) 21(1) 21(1) -3(1) 6(1) -2(1)
0(2) 31(1) 23(1) 23(1) -3(1) 4(1) 0(1)
- 252-
Appendices
C(3) 25(1) 30(2) 32(1) -8(1) 4(1) 2(1)
C(4) 28(1) 36(2) 32(1) -7(1) 11(1) -6(1)
C(5) 32(1) 31(2) 28(1) 1(1) 10(1) -4(1)
C(1S) 34(1) 31(2) 49(2) 1(1) 3(1) -1(1)
C1(2S) 102(1) 52(1) 55(1) -14(1) 17(1) 4(1)
C1(1S) 68(1) 50(1) 51(1) 9(1) 17(1) 11(1)
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X-ray Crystal S tructu re  Data of (3/5}4.4a
Table 1 Crystal data and structure refinement for k04sdb03.
Identification code k04sdb03





Space group P2, 2j 2,
Unit cell dimensions a = 9.14100(10) A a= 90°. 
b = 16.4890(2) A (3=90°. 
c =  17.5250(2) A y = 90°.
Volume 2641.47(5) A3
Z 4
Density (calculated) 1.266 Mg/m3
Absorption coefficient 0.077 mm'1
F(000) 1056
Crystal size 0.25 x 0.20 x 0.17 mm3
Theta range for data collection 3.45 to 32.01°.
Index ranges -13<=h<=13, -24<=k<=21, -23<=1<=26
Reflections collected 61001
Independent reflections 9112 [R(int) = 0.0443]
Completeness to theta = 32.01° 99.3 %
Absorption correction None
Max. and min. transmission 0.9870 and 0.9810
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 9 1 1 2 /0 /3 5 4
Goodness-of-fit on F2 1.033
Final R indices [I>2sigma(I)J R1 = 0 .0431, wR2 = 0.1044
R indices (all data) R1 =0.0534, wR2 = 0.1110
Absolute structure parameter -0.1(7)
Extinction coefficient 0.0000(19)
Largest diff. peak and hole 0.275 and -0.202 e.A'3
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Table 2 Atomic coordinates ( x 10^) and equivalent isotropic displacement parameters (A^x 10^) 
for k04sdb03. U(eq) is defined as one third o f  the trace o f the orthogonalized U0 tensor.
x y z U(eq)
B (l) 7434(1) 9460(1) 7914(1) 23(1)
N(4) 7099(1) 9446(1) 6993(1) 26(1)
0 (1 ) 8763(1) 8978(1) 7988(1) 24(1)
0 (2 ) 7571(1) 10279(1) 8206(1) 25(1)
C (l) 5919(1) 9044(1) 8185(1) 26(1)
0 (2) 5362(1) 8833(1) 8892(1) 32(1)
C(3) 3987(2) 8458(1) 8944(1) 37(1)
0(4) 3164(1) 8301(1) 8298(1) 38(1)
0(5) 3683(1) 8512(1) 7580(1) 36(1)
0 (6) 5063(1) 8877(1) 7540(1) 28(1)
0 (7) 5839(1) 9130(1) 6855(1) 30(1)
0 (8) 8102(1) 9737(1) 6381(1) 30(1)
0 (9) 7440(2) 10482(1) 5998(1) 45(1)
0(10) 8491(1) 9047(1) 5841(1) 32(1)
0(11) 9307(2) 8397(1) 6125(1) 39(1)
0(12) 9713(2) 7760(1) 5662(1) 46(1)
0(13) 9323(2) 7766(1) 4892(1) 52(1)
0(14) 8496(2) 8398(1) 4606(1) 51(1)
0(15) 8083(2) 9036(1) 5075(1) 43(1)
C(101) 9471(1) 9025(1) 8677(1) 23(1)
C(102) 9468(1) 8331(1) 9152(1) 30(1)
C(103) 10230(2) 8338(1) 9822(1) 35(1)
C(104) 10968(1) 9045(1) 10071(1) 32(1)
C(105) 11719(2) 9069(1) 10782(1) 45(1)
C(106) 12378(2) 9758(1) 11033(1) 50(1)
C(107) 12300(2) 10466(1) 10594(1) 43(1)
C(108) 11580(1) 10474(1) 9903(1) 32(1)
C(109) 10926(1) 9755(1) 9608(1) 26(1)
C(110) 10208(1) 9726(1) 8880(1) 22(1)
C(201) 8832(1) 10702(1) 8078(1) 22(1)
C(202) 8713(1) 11446(1) 7678(1) 26(1)
C(203) 9929(1) 11894(1) 7520(1) 27(1)
C(204) 11338(1) 11609(1) 7724(1) 23(1)
C(205) 12618(1) 12049(1) 7533(1) 28(1)
C(206) 13978(1) 11750(1) 7705(1) 32(1)
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C(207) 14115(1) 10995(1) 8074(1) 30(1)
C(208) 12895(1) 10567(1) 8289(1) 24(1)
C(209) 11468(1) 10867(1) 8135(1) 20(1)
C(210) 10173(1) 10437(1) 8358(1) 20(1)
Table 3 Bond lengths [A] and angles [°] for k04sdb03.
B (l)-0 (2 ) 1.4492(15) C(12)-H(12) 0.9500
B (l)-0 (1 ) 1.4585(14) C(13)-C(14) 1.381(3)
B (l)-C (l) 1.6168(17) C(13)-H(13) 0.9500
B (l)-N (4) 1.6422(16) C(14)-C(15) 1.388(2)
N(4)-C(7) 1.2868(16) C(14)-H(14) 0.9500
N(4)-C(8) 1.4901(16) C(15)-H(15) 0.9500
O (l)-C(101) 1.3711(14) C(101)-C(l 10) 1.3843(16)
O(2)-C(201) 1.3663(13) C(101)-C(102) 1.4167(17)
C(l)-C(2) 1.3840(18) C(102)-C(103) 1.365(2)
C(l)-C(6) 1.4026(17) C(102)-H(102) 0.9500
C(2)-C(3) 1.4032(18) C(103)-C(104) 1.416(2)
C(2)-H(2) 0.9500 C(103)-H(103) 0.9500
C(3)-C(4) 1.384(2) C(104)-C(105) 1.4232(19)
C(3)-H(3) 0.9500 C(104)-C(109) 1.4244(18)
C(4)-C(5) 1.388(2) C(105)-C(106) 1.359(3)
C(4)-H(4) 0.9500 C(105)-H(105) 0.9500
C(5)-C(6) 1.3997(17) C(106)-C(107) 1.401(3)
C(5)-H(5) 0.9500 C(106)-H(106) 0.9500
C(6)-C(7) 1.4553(19) C(107)-C(108) 1.3783(18)
C(7)-H(7) 0.9500 C(107)-H(107) 0.9500
C(8)-C(10) 1.522(2) C(108)-C(109) 1.4246(19)
C(8)-C(9) 1.5248(19) C(108)-H(108) 0.9500
C(8)-H(8) 1.0000 C(109)-C(l 10) 1.4364(16)
C(9)-H(9A) 0.9800 C(110)-C(210) 1.4863(15)
C(9)-H(9B) 0.9800 C(201)-C(210) 1.3913(14)
C(9)-H(9C) 0.9800 C(201)-C(202) 1.4178(16)
C(10)-C(15) 1.393(2) C(202)-C(203) 1.3627(17)
C (10)-C (ll) 1.398(2) C(202)-H(202) 0.9500
C(11)-C(12) 1.379(2) C(203)-C(204) 1.4162(16)
C(11)-H(11) 0.9500 C(203)-H(203) 0.9500
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C (101)-O (l)-B (l)
C(201)-O(2)-B(l)
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C (12)-C (ll)-H (l 1)
C (10 )-C (ll)-H (ll)
C (ll)-C (12)-C(13)
C (ll)-C (12)-H (12)
C( 13)-C( 12)-H( 12) 
C(14)-C(13)-C(12)
C( 14)-C( 13)-H( 13) 
C(12)-C(13)-H(13) 
C(13)-C(14)-C(15)
C( 13)-C( 14)-H( 14)





0 (  1 )-C( 101 )-C( 102)
C( 110)-C( 101 )-C( 102) 
C( 103)-C( 102)-C( 101) 
C( 103)-C( 102)-H( 102) 





































C( 102)-C( 103)-C( 104) 121.05(12) C(203)-C(202)-C(201) 120.45(10)
C( 102)-C( 103)-H( 103) 119.5 C(203)-C(202)-H(202) 119.8
C( 104)-C( 103)-H( 103) 119.5 C(201 )-C(202)-H(202) 119.8
C( 103)-C( 104)-C( 105) 121.48(13) C(202)-C(203)-C(204) 120.73(11)
C( 103)-C( 104)-C( 109) 119.25(11) C(202)-C(203)-H(203) 119.6
C( 105)-C( 104)-C( 109) 119.26(14) C(204)-C(203)-H(203) 119.6
C( 106)-C( 105 )-C( 104) 121.33(15) C(203)-C(204)-C(205) 121.47(11)
C( 106)-C( 105)-H( 105) 119.3 C(203)-C(204)-C(209) 119.18(10)
C(104)-C(105)-H(105) 119.3 C(205)-C(204)-C(209) 119.35(10)
C( 105)-C( 106)-C( 107) 119.79(14) C(206)-C(205)-C(204) 120.89(11)
C( 105)-C( 106)-H( 106) 120.1 C(206)-C(205)-H(205) 119.6
C( 107)-C( 106)-H( 106) 120.1 C(204)-C(205)-H(205) 119.6
C( 108)-C( 107)-C( 106) 121.00(16) C(205)-C(206)-C(207) 119.95(11)
C( 108)-C( 107)-H( 107) 119.5 C(205)-C(206)-H(206) 120.0
C( 106)-C( 107)-H( 107) 119.5 C(207)-C(206)-H(206) 120.0
C( 107)-C( 108)-C( 109) 120.68(14) C(208)-C(207)-C(206) 120.56(11)
C( 107)-C( 108)-H( 108) 119.7 C(208)-C(207)-H(207) 119.7
C( 109)-C( 108)-H( 108) 119.7 C(206)-C(207)-H(207) 119.7
C( 104)-C( 109)-C( 108) 117.84(11) C(207)-C(208)-C(209) 121.00(10)
C( 104)-C( 109)-C( 110) 119.38(11) C(207)-C(208)-H(208) 119.5
C( 108)-C( 109)-C( 110) 122.76(11) C(209)-C(208)-H(208) 119.5
C( 101 )-C( 110)-C( 109) 118.61(10) C(208)-C(209)-C(204) 118.09(10)
C( 101 )-C( 110)-C(210) 119.29(10) C(208)-C(209)-C(210) 122.25(10)
C(109)-C(l 10)-C(210) 122.03(10) C(204)-C(209)-C(210) 119.63(9)
O(2)-C(201 )-C(210) 121.65(10) C(201 )-C(210)-C(209) 118.35(10)
O(2)-C(201 )-C(202) 117.31(9) C(201 )-C(210)-C( 110) 118.95(9)
C(210)-C(201 )-C(202) 120.97(10) C(209)-C(210)-C(l 10) 122.69(9)
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Table 4 Anisotropic displacement parameters (A^x 10^)for k04sdb03. The anisotropic displacement factor exponent 
takes the form: - 2 n ^ [  h^a*^U^ * + ... + 2 h k a* b* ]
U 11 U22 u 33 U23 U 13 U 12
B (l) 18(1) 23(1) 29(1) 0(1) -2(1) 0(1)
N(4) 21(1) 30(1) 28(1) 1(1) -1(1) 1(1)
0 (1 ) 19(1) 23(1) 30(1) -2(1) -3(1) 1(1)
0 (2 ) 16(1) 23(1) 36(1) -2(1) -1(1) 0(1)
C (l) 19(1) 22(1) 35(1) -1(1) 1(1) 1(1)
0(2) 25(1) 31(1) 38(1) 4(1) 4(1) 2(1)
0(3) 27(1) 31(1) 53(1) 8(1) 13(1) 3(1)
0(4) 21(1) 27(1) 67(1) -5(1) 10(1) -3(1)
0(5) 21(1) 32(1) 54(1) -12(1) 1(1) -4(1)
0(6) 19(1) 26(1) 39(1) -6(1) 0(1) -1(1)
0(7) 23(1) 35(1) 33(1) -4(1) -3(1) 1(1)
0 (8) 29(1) 33(1) 28(1) 6(1) 0(1) -2(1)
0 (9) 62(1) 37(1) 36(1) 7(1) -4(1) 9(1)
0(10) 28(1) 37(1) 29(1) 6(1) 4(1) -2(1)
0(11) 39(1) 44(1) 34(1) 8(1) 4(1) 7(1)
0(12) 57(1) 40(1) 40(1) 8(1) 10(1) 12(1)
0(13) 74(1) 43(1) 40(1) 0(1) 17(1) 7(1)
0(14) 71(1) 52(1) 31(1) -1(1) 3(1) 5(1)
0(15) 49(1) 48(1) 31(1) 5(1) -1(1) 6(1)
C(101) 18(1) 24(1) 26(1) 2(1) 1(1) 2(1)
C(102) 28(1) 25(1) 36(1) 7(1) 6(1) 0(1)
C(103) 36(1) 35(1) 35(1) 14(1) 7(1) 6(1)
C(104) 28(1) 43(1) 25(1) 8(1) 4(1) 7(1)
C(105) 44(1) 64(1) 26(1) 11(1) -2(1) 12(1)
C(106) 45(1) 81(1) 26(1) 3(1) -9(1) 9(1)
C(107) 37(1) 63(1) 30(1) -7(1) -8(1) -2(1)
C(108) 26(1) 42(1) 27(1) -2(1) -3(1) -1(1)
C(109) 20(1) 34(1) 23(1) 2(1) 1(1) 3(1)
C(110) 18(1) 24(1) 24(1) 3(1) 0(1) 2(1)
C(201) 17(1) 20(1) 28(1) 0(1) -2(1) 1(1)
C(202) 22(1) 24(1) 34(1) 2(1) -7(1) 3(1)
C(203) 26(1) 22(1) 32(1) 4(1) -5(1) 2(1)
C(204) 22(1) 21(1) 26(1) 0(1) -1(1) 0(1)
C(205) 27(1) 23(1) 34(1) 3(1) 3(1) -3(1)
C(206) 23(1) 27(1) 45(1) 2(1) 5(1) -4(1)
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C(207) 18(1) 28(1) 43(1) -1(1) 1(1) 0(1)
C(208) 18(1) 22(1) 32(1) 1 0 ) 0(1) 1(1)
C(209) 19(1) 20(1) 23(1) -1(1) 0(1) 0(1)
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X-ray Crystal S tructu re  Data of [S.S^AAb
Table 1 Crystal data and structure refinement for h04tdj5
Identification code h04tdj5






Unit cell dimensions a = 24.9430(5) A a =  90°. 
b = 24.9430(5) A (3= 90°. 
c = 10.0440(2) A y = 90°,
Volume 6248.9(2) A3
Z 8
Density (calculated) 1.102 Mg/m3
Absorption coefficient 0.098 mm'1
F(000) 2170
Crystal size 0.25 x 0.10 x 0.05 mm3
Theta range for data collection 3.07 to 25.00°.
Index ranges -29<=h<=29, -29<=k<=29, -1 1<=1<=11
Reflections collected 70053
Independent reflections 10915 [R(int) = 0.1358]
Completeness to theta = 25.00° 99.2 %
Absorption correction None
Max. and min. transmission 0.9951 and 0.9759
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1 0 9 1 5 /4 /7 2 2
Goodness-of-fit on F2 1.323
Final R indices [I>2sigma(I)] R1 =0.1221, wR2 = 0.3081
R indices (all data) R1 =0.1649, wR2 = 0.3455
Absolute structure parameter 0.1(7)
Extinction coefficient 0.024(4)
Largest diffi peak and hole 2.052 and -0.611 e.A'3
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Table 2 Atomic coordinates ( x 10^) and equivalent isotropic displacement parameters (A^x 1(P) for h04tdj5. U(eq) 
is defined as one third o f the trace o f the orthogonalized U0 tensor.
x y z U(eq)
B (l) 5877(3) 705(3) 8555(7) 32(2
B(2) 2657(3) 2803(3) 3613(7) 35(2
N (l) 5445(2) 1117(2) 9284(5) 32(1
N(2) 2297(2) 2647(2) 2298(6) 39(1
0 (1 ) 6397(2) 912(2) 8930(4) 33(1
0 (2 ) 5779(2) 157(2) 8961(4) 34(1
0 (2 1 ) 2991(2) 2325(2) 3742(5) 41(1
0 (22 ) 2949(2) 3294(2) 3424(5) 41(1
C (l) 5677(3) 822(2) 7042(6) 33(1
0 (2) 5851(3) 651(3) 5786(7) 39(2
0 (3) 5602(3) 855(3) 4652(7) 45(2
0 (4 ) 5194(3) 1210(3) 4720(7) 45(2
0 (5 ) 5000(3) 1392(3) 5936(7) 42(2
0 (6 ) 5256(3) 1201(3) 7082(6) 35(1
0 (7 ) 5138(3) 1340(3) 8444(6) 34(1
0 (8) 5399(3) 1200(3) 10772(6) 34(1
0 (9) 5786(3) 1666(3) 11101(7) 46(2
0(10) 4826(3) 1275(2) 11217(6) 32(1
0(11) 4602(3) 1787(3) 11365(7) 40(2
0(12) 4067(3) 1848(3) 11824(7) 44(2
0(13) 3772(3) 1385(3) 12132(7) 45(2
0(14) 4005(3) 895(3) 12024(7) 44(2
0(15) 4520(3) 831(3) 11575(6) 38(2
0(21) 2163(3) 2879(3) 4639(7) 39(2
C(22) 2139(3) 3053(3) 5949(7) 45(2
C(23) 1619(4) 3114(4) 6572(8) 59(2
0(24) 1160(3) 3001(3) 5869(8) 50(2
0(25) 1179(3) 2822(3) 4560(9) 54(2
C(26) 1683(3) 2769(3) 3982(7) 39(2
C(27) 1789(3) 2625(3) 2607(7) 39(2
C(28) 2528(3) 2526(3) 971(7) 38(2
C(29) 2184(4) 2143(4) 164(8) 59(2
C(30) 2632(3) 3041(3) 232(6) 39(2
0(31) 2292(3) 3493(3) 329(8) 48(2
C(32) 2422(3) 3955(4) -397(8) 59(2
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C(33) 2878(4) 3963(4) -1209(8) 59(2)
C(34) 3202(4) 3518(3) -1329(8) 57(2)
C(35) 3069(4) 3052(3) -604(8) 55(2)
C(101) 6807(3) 588(3) 8478(7) 38(2)
C(102) 7123(3) 773(3) 7417(7) 43(2)
C(103) 7523(3) 481(4) 6938(8) 58(2)
C(104) 7642(3) -55(3) 7463(8) 51(2)
C(105) 8031(3) -395(4) 6923(10) 63(2)
C(106) 8098(3) -908(4) 7333(11) 71(3)
C(107) 7777(4) -1097(4) 8363(11) 69(3)
C(108) 7373(3) -778(3) 8931(9) 52(2)
C(109) 7299(3) -247(3) 8521(7) 43(2)
C (llO ) 6901(3) 97(3) 9080(7) 36(2)
C(121) 3323(3) 2349(3) 4874(7) 44(2)
C(122) 3201(3) 1987(3) 5926(7) 50(2)
C(123) 3517(4) 1995(3) 7016(8) 58(2)
C(124) 3922(4) 2377(4) 7192(8) 67(3)
C(125) 4223(5) 2434(6) 8408(9) 88(4)
C(126) 4605(4) 2827(5) 8593(10) 75(3)
C(127) 4689(4) 3205(6) 7563(10) 89(4)
C(128) 4415(3) 3175(4) 6359(8) 60(2)
C(129) 4030(3) 2762(4) 6143(7) 53(2)
C(130) 3739(3) 2700(3) 4922(7) 47(2)
C(201) 6013(2) -32(2) 10077(6) 30(1)
C(202) 5666(3) -210(3) 11109(7) 43(2)
C(203) 5862(3) -383(3) 12276(7) 46(2)
C(204) 6423(3) -408(3) 12519(7) 47(2)
C(205) 6620(4) -573(3) 13752(8) 57(2)
C(206) 7169(5) -580(4) 13984(10) 75(3)
C(207) 7522(4) -403(4) 12973(10) 68(3)
C(208) 7337(4) -243(3) 11762(8) 54(2)
C(209) 6776(3) -242(3) 11478(7) 42(2)
C(210) 6557(3) -74(3) 10229(7) 37(2)
C(221) 3471(3) 3313(3) 3056(7) 40(2)
C(222) 3602(3) 3670(3) 2017(7) 47(2)
C(223) 4118(4) 3731(4) 1608(8) 63(2)
C(224) 4532(3) 3437(4) 2139(8) 60(2)
C { 2 2 5 ) 5060(4) 3449(5) 1696(9) 73(3)
C ( 2 2 6 ) 5468(4) 3127(6) 2252(12) 95(4)
0 2 . 2 1 ) 5341(3) 2778(5) 3235(11) 76(3)
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C(228) 4833(3) 2731(4) 3717(8) 59(2)
C(229) 4404(3) 3057(4) 3242(8) 52(2)
C(230) 3870(3) 3043(3) 3733(7) 42(2)
C(1S) 1263(9) 1252(12) 5790(40) 170(30)
C1(1S) 625(7) 1545(7) 6005(19) 127(5)
C1(2S) 1662(4) 1653(4) 6836(11) 80(3)
C1(3S) 1251(15) 552(14) 6030(40) 224(13)
Table 3 Bond lengths [A] and angles [°] for h04tdj5.
B (l)-0 (1 ) 1.445(9)
B (l)-0 (2 ) 1.449(9)
B (l)-C (l) 1.626(9)





N (l)-C (7) 1.269(8)

















C (10)-C (ll) 1.402(10)































C(109)-C(110) 1.427(10) C(205)-C(206) 1.390(15)
C(110)-C(210) 1.501(10) C(206)-C(207) 1.414(16)
C(121)-C(130) 1.358(12) C(207)-C(208) 1.361(13)
C(121)-C(122) 1.422(11) C(208)-C(209) 1.428(11)
C(122)-C(123) 1.350(12) C(209)-C(210) 1.431(10)
C(123)-C(124) 1.399(15) C(221)-C(230) 1.382(10)
C(124)-C(125) 1.440(14) C(221)-C(222) 1.411(11)
C(124)-C(129) 1.451(14) C(222)-C(223) 1.358(12)
C(125)-C(126) 1.380(18) C(223)-C(224) 1.376(14)
C(126)-C(127) 1.416(18) C(224)-C(225) 1.389(13)
C(127)-C(128) 1.391(13) C(224)-C(229) 1.491(13)
C(128)-C(129) 1.426(14) C(225)-C(226) 1.414(18)
C(129)-C(130) 1.434(10) C(226)-C(227) 1.353(18)
C(130)-C(230) 1.505(11) C(227)-C(228) 1.361(13)
C(201)-C(210) 1.370(10) C(228)-C(229) 1.428(13)
C(201)-C(202) 1.420(9) C(229)-C(230) 1.419(10)
C(202)-C(203) 1.341(11) C(1S)-C1(2S) 1.760(10)
C(203)-C(204) 1.422(12) C(1S)-C1(1S) 1.764(10)
C(204)-C(205) 1.394(11) C(1S)-C1(3S) 1.765(10)
C(204)-C(209) 1.430(11)
0 ( l) -B ( l) -0 (2 ) 114.6(5) C(121)-0(21)-B(2) 111.9(5)
0(1)-B(1)-C(1) 117.1(5) C(221 )-0(22)-B (2) 123.6(5)
0 (2 )-B (l)-C (l) 112.3(5) C(2)-C(l)-C(6) 117.3(6)
0(1)-B(1)-N(1) 104.3(5) C (2)-C (l)-B (l) 133.8(6)
0 (2 )-B (l)-N (l) 110.5(5) C (6)-C (l)-B (l) 108.7(5)
C (l)-B (l)-N (l) 95.9(5) C(3)-C(2)-C(l) 119.1(6)
0(22)-B (2)-0(21) 114.6(6) C(4)-C(3)-C(2) 122.3(6)
0(22)-B(2)-C(21) 111.7(5) C(3)-C(4)-C(5) 121.4(7)
0(21)-B(2)-C(21) 118.3(6) C(4)-C(5)-C(6) 116.9(7)
0(22)-B(2)-N (2) 111.9(5) C(5)-C(6)-C(l) 122.9(6)
0(21)-B(2)-N (2) 101.0(5) C(5)-C(6)-C(7) 127.3(6)
C(21)-B(2)-N(2) 97.1(5) C(l)-C(6)-C(7) 109.8(5)
C(7)-N(l)-C(8) 123.4(5) N(l)-C(7)-C(6) 113.8(6)
C (7)-N (l)-B (l) 111.7(5) C(10)-C(8)-N(l) 112.4(5)
C (8)-N (l)-B (l) 124.8(5) C(10)-C(8)-C(9) 115.8(5)
C(27)-N(2)-C(28) 125.6(6) N(l)-C(8)-C(9) 105.4(5)
C(27)-N(2)-B(2) 110.5(5) C(15)-C(10)-C(l 1) 118.6(6)
C(28)-N(2)-B(2) 123.9(5) C(15)-C(10)-C(8) 119.8(6)
C (101)-O (l)-B(l) 111.7(5) C (ll)-C (10)-C (8) 121.5(6)
C(201)-O(2)-B(l) 119.3(5) C (10)-C(ll)-C(12) 120.5(6)
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0 (  1 )-C( 101 )-C( 102) 118.2(6)
C( 110)-C( 101 )-C( 102) 121.8(6)
C( 103 )-C( 102)-C( 101) 121.1(7)
C( 102)-C( 103)-C( 104) 121.5(7)
C( 105)-C( 104)-C( 109) 119.8(8)
C( 105 )-C( 104)-C( 103 ) 123.5(8)
C( 109)-C( 104)-C( 103) 116.5(6)
C( 106)-C( 105)-C( 104) 122.7(9)
C( 105)-C( 106)-C( 107) 118.5(8)
C( 106)-C( 107)-C( 108) 121.5(9)
C( 109)-C( 10 8)-C( 107) 120.7(9)
C( 108)-C( 109)-C( 110) 123.0(7)
C( 108)-C( 109)-C( 104) 116.8(7)
C( 110)-C( 109)-C( 104) 120.2(7)
C( 101 )-C( 110)-C( 109) 118.5(6)
C( 101 )-C( 110)-C(210) 119.4(6)
C( 109)-C( 110)-C(210) 122.0(6)
C( 130)-C( 121 ) -0 (2 1) 120.3(6)
C( 13 0)-C( 121 )-C( 122) 123.1(7)
0(21 )-C( 121 )-C( 122) 116.6(7)
C( 123)-C( 122)-C( 121) 117.9(8)
C( 122)-C( 123)-C( 124) 122.3(8)
C( 123)-C( 124)-C( 125) 123.4(11)
C( 123)-C( 124)-C( 129) 119.5(7)
C(125)-C(124)-C(129) 117.0(11)
C( 126)-C( 125 )-C( 124) 123.0(12)
C( 125)-C( 126)-C( 127) 118.5(9)
C( 128)-C( 127)-C( 126) 121.8(12)
C( 127)-C( 128)-C( 129) 120.2(10)
C( 128)-C( 129)-C( 130) 123.4(8)
C( 128)-C( 129)-C( 124) 119.5(7)
C( 13 0)-C( 129)-C( 124) 117.1(8)
C( 121 )-C( 130)-C( 129) 119.1(7)
C( 121 )-C( 130)-C(230) 120.3(6)





















0(22)-C (221 )-C(230) 122.8(6) C(227)-C(228)-C(229) 122.1(10)
0(22)-C (221 )-C(222) 116.6(6) C(230)-C(229)-C(228) 125.0(8)
C(230)-C(221 )-C(222) 120.3(7) C(230)-C(229)-C(224) 118.4(8)
C(223)-C(222)-C(221) 120.9(8) C(228)-C(229)-C(224) 116.6(7)
C(222)-C(223)-C(224) 122.3(8) C(221 )-C(230)-C(229) 119.5(7)
C(223)-C(224)-C(225) 125.1(10) C(221 )-C(230)-C( 130) 120.7(6)
C(223)-C(224)-C(229) 117.7(7) C(229)-C(230)-C( 130) 119.6(7)
C(225)-C(224)-C(229) 117.1(9) C1(2S)-C( 1 S)-C1( 1S) 101.7(12)
C(224)-C(225)-C(226) 122.9(11) C1(2S)-C( 1 S)-C1(3 S) 119(2)
C(227)-C(226)-C(225) 119.1(9) Cl(l S)-C(l S)-C1(3S) 112(2)
C(226)-C(227)-C(228) 122.2(10)
Table 4 Anisotropic displacement parameters (A^x 10^)for h04tdj5. The anisotropic displacement factor exponent 
takes the form: - 2 n ^ [  h^a*^U^ 1 + ... +  2 h k a* b* ]
U 11 U22 U33 u 23 u 13 U 12
B (l) 33(4) 39(4) 23(3) 3(3) 3(3) 4(3)
B(2) 38(4) 34(4) 33(4) 1(3) -1(3) 10(3)
N (l) 34(3) 37(3) 24(3) -5(2) 0(2) 1(2)
N(2) 46(3) 31(3) 39(3) 3(2) 3(3) 2(2)
0 (1 ) 39(2) 34(2) 28(2) 1(2) -1(2) -4(2)
0 (2 ) 40(2) 29(2) 32(2) -2(2) 0(2) 1(2)
0 (21 ) 44(3) 41(3) 38(3) -3(2) -1(2) 10(2)
0 (22 ) 38(3) 43(3) 41(3) 0(2) 2(2) 3(2)
C (l) 44(4) 28(3) 28(3) -1(2) 4(3) -8(3)
C(2) 45(4) 39(4) 34(3) -8(3) 0(3) -1(3)
0(3) 69(5) 43(4) 24(3) -4(3) 12(3) -1(4)
C(4) 56(5) 56(4) 23(3) -1(3) -1(3) -9(4)
C(5) 56(4) 32(3) 38(4) 1(3) -6(3) 4(3)
0(6) 42(4) 37(3) 26(3) 7(3) 4(3) -3(3)
0(7) 38(3) 29(3) 36(3) 1(3) -3(3) 1(3)
0(8) 44(4) 40(4) 17(3) -1(2) -6(2) 1(3)
0(9) 39(4) 52(4) 46(4) -16(3) 3(3) -6(3)
0(10) 41(4) 31(3) 25(3) 0(2) -4(3) -1(3)
0(11) 43(4) 44(4) 34(3) 1(3) 3(3) 0(3)
0(12) 41(4) 49(4) 43(4) -6(3) 7(3) 6(3)
0(13) 41(4) 66(5) 29(3) -4(3)
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C(14) 48(4) 42(4) 43(4) 5(3) 3(3) -11(3)
C(15) 44(4) 39(4) 31(3) 5(3) 2(3) -1(3)
C(21) 46(4) 30(3) 40(4) 6(3) 5(3) 6(3)
C(22) 48(4) 48(4) 40(4) 5(3) 6(3) 6(3)
C(23) 66(5) 69(5) 41(4) 12(4) 20(4) 13(4)
C(24) 39(4) 60(5) 52(4) 4(4) 17(3) 5(3)
C(25) 45(4) 55(5) 62(5) 16(4) 8(4) 1(3)
C(26) 37(4) 40(4) 39(4) 9(3) -1(3) 5(3)
C(27) 39(4) 36(4) 44(4) -4(3) 1(3) 0(3)
C(28) 47(4) 34(3) 33(3) -5(3) -4(3) 11(3)
C(29) 75(6) 52(5) 49(5) -11(4) -4(4) 2(4)
C(30) 39(4) 48(4) 30(3) -6(3) 1(3) 8(3)
C(31) 44(4) 47(4) 52(4) 4(3) -3(3) 4(3)
C(32) 52(5) 73(6) 51(5) 14(4) -5(4) 18(4)
C(33) 67(5) 74(6) 37(4) 18(4) -7(4) -18(4)
C(34) 75(6) 55(5) 42(4) -3(3) 10(4) 7(4)
C(35) 65(5) 53(5) 49(5) -5(4) 19(4) 12(4)
C(101) 35(3) 41(4) 36(4) -10(3) 2(3) -3(3)
C(102) 47(4) 43(4) 38(4) -1(3) 3(3) -5(3)
C(103) 55(5) 69(6) 51(5) -4(4) 18(4) -18(4)
C(104) 45(4) 54(5) 54(5) -14(4) 7(3) 0(3)
C(105) 42(5) 75(6) 70(6) -25(5) 9(4) -4(4)
C(106) 40(5) 82(7) 89(7) -31(6) 13(5) 8(4)
C(107) 55(5) 58(5) 95(7) -25(5) -22(5) 17(4)
C(108) 45(4) 42(4) 68(5) -10(4) 2(4) 3(3)
C(109) 43(4) 38(4) 48(4) -13(3) -11(3) 5(3)
C (llO ) 35(3) 32(3) 42(4) -6(3) 0(3) -1(3)
C(121) 51(4) 47(4) 33(3) 2(3) -3(3) 20(3)
C(122) 63(5) 49(4) 37(4) 2(3) 5(3) 25(4)
C(123) 82(6) 48(5) 43(4) -3(3) -4(4) 37(5)
C(124) 80(6) 91(7) 32(4) -13(4) -5(4) 53(6)
C(125) 94(8) 132(10) 38(5) -11(5) -2(5) 86(8)
C(126) 59(6) 112(8) 53(6) -28(6) -16(4) 33(6)
C(127) 59(6) 160(11) 48(6) -42(7) -9(4) 30(6)
C(128) 37(4) 102(7) 40(4) -18(4) -3(3) 23(4)
C(129) 46(4) 82(6) 33(4) -14(4) -2(3) 32(4)
C(130) 42(4) 64(5) 34(4) -7(3) -2(3) 22(4)
C(201) 37(4) 24(3) 29(3) -1(2) -2(3) 2(2)
C(202) 54(4) 37(4) 38(4) -5(3) 12(3) -6(3)
C(203) 70(5) 36(4) 33(4) 4(3)
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C(204) 71(5) 34(4) 37(4) -2(3) -8(3) -7(3)
C(205) 97(7) 38(4) 35(4) 2(3) -16(4) -1(4)
C(206) 122(9) 58(6) 47(5) 10(4) -27(6) 8(5)
C(207) 66(6) 59(5) 78(7) -14(5) -35(5) 14(4)
C(208) 67(5) 40(4) 53(5) -5(3) -24(4) 9(4)
C(209) 56(4) 29(3) 42(4) -5(3) -7(3) 3(3)
C(210) 55(4) 24(3) 33(3) -2(2) -6(3) -2(3)
C(221) 37(4) 46(4) 36(4) -14(3) 3(3) 6(3)
C(222) 49(4) 54(5) 39(4) 1(3) 1(3) -3(3)
C(223) 73(6) 83(6) 32(4) -1(4) 6(4) -17(5)
C(224) 49(5) 89(6) 42(4) -24(4) -3(4) -11(4)
C(225) 48(5) 121(8) 49(5) -26(5) 7(4) -16(5)
C(226) 38(5) 171(12) 75(7) -60(8) 13(5) -25(6)
C(227) 30(4) 137(9) 61(6) -50(6) -6(4) 15(5)
C(228) 45(5) 96(7) 38(4) -20(4) -2(3) 16(4)
C(229) 38(4) 78(6) 41(4) -30(4) 4(3) -11(4)
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X-ray Crystal S tructu re  Data of [R,S±A25a
Table 1 Crystal data and structure refinement for h04tdjl 1.
Identification code h04tdj 11





Space group P 2, 2, 2 1
Unit cell dimensions a = 9.3080(2) A a=  90°. 
b =  16.7820(3) A P= 90°. 
c =  17.0860(3) A y = 90°.
Volume 2668.95(9) A3
Z 4
Density (calculated) 1.273 Mg/m3
Absorption coefficient 0.077 mm'1
F(000) 1088
Crystal size 0.15 x 0.10 x 0.08 mm3
Theta range for data collection 3.83 to 27.48°.
Index ranges -12<=h<= 12, -20<=k<=21, -22<=1<=22
Reflections collected 22757
Independent reflections 6070 [R(int) = 0.0436]
Completeness to theta = 27.48° 99.3 %
Absorption correction None
Max. and min. transmission 0.9939 and 0.9885
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 6 0 7 0 /0 /3 5 6
Goodness-of-fit on F2 1.031
Final R indices [I>2sigma(I)J R1 = 0.0394, wR2 = 0.0864
R indices (all data) R1 = 0.0543, wR2 = 0.0925
Absolute structure parameter 1.0(9)
Extinction coefficient 0.0185(17)
Largest diff. peak and hole 0.193 and -0.221 e.A'3
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Table 2 Atomic coordinates ( x 10^) and equivalent isotropic displacement parameters (A^x 1(P) for h04tdjl 1. 
U(eq) is defined as one third o f the trace o f the orthogonalized LPJ tensor.
x y z U(eq)
B (l) 7604(2) 401(1) 7867(1) 23(1
N (l) 8051(1) 115(1) 6980(1) 23(1
0(1 ) 6302(1) 865(1) 7748(1) 23(1
0(2 ) 7428(1) -276(1) 8389(1) 24(1
C (l) 9053(2) 901(1) 8051(1) 23(1
0(2) 9544(2) 1309(1) 8703(1) 28(1
C(3) 10861(2) 1705(1) 8677(1) 31(1
0(4) 11698(2) 1704(1) 8008(1) 30(1
0(5) 11234(2) 1298(1) 7347(1) 29(1
0(6) 9930(2) 901(1) 7384(1) 24(1
0(7) 9273(2) 409(1) 6779(1) 26(1
0(8) 7206(2) -421(1) 6470(1) 27(1
0(9) 8022(2) -1201(1) 6345(1) 37(1
0(10) 6809(2) -29(1) 5694(1) 32(1
0(11) 5954(2) 737(1) 5759(1) 33(1
0(12) 5260(2) 947(1) 4980(1) 36(1
0(13) 4398(2) 1724(1) 4984(1) 38(1
0(14) 5325(2) 2456(1) 4861(1) 48(1
0(15) 4416(3) 3199(1) 4743(1) 54(1
C(101) 5543(2) 1030(1) 8416(1) 21(1
C(102) 5571(2) 1822(1) 8703(1) 25(1
C(103) 4826(2) 2016(1) 9365(1) 27(1
C(104) 4041(2) 1431(1) 9779(1) 26(1
C(105) 3315(2) 1621(1) 10486(1) 30(1
C(106) 2619(2) 1049(1) 10908(1) 35(1
C(107) 2619(2) 260(1) 10641(1) 31(1
C(108) 3288(2) 55(1) 9954(1) 25(1
C(109) 4025(2) 633(1) 9494(1) 23(1
C(110) 4764(2) 438(1) 8782(1) 21(1
C(201) 6193(2) -721(1) 8335(1) 22(1
C(202) 6362(2) -1539(1) 8169(1) 25(1
C(203) 5193(2) -2015(1) 8069(1) 27(1
C(204) 3786(2) -1691(1) 8097(1) 23(1
C(205) 2559(2) -2161(1) 7925(1) 26(1
C(206) 1228(2) -1832(1) 7907(1) 28(1
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C(207) 1042(2) -1015(1) 8080(1) 25(1)
C(208) 2193(2) -553(1) 8278(1) 23(1)
C(209) 3610(2) -870(1) 8297(1) 21(1)
C(210) 4852(2) -392(1) 8470(1) 21(1)
Table 3 Bond lengths [A] and angles [°] for h04tdjl 1.
B (l) -0 (2 ) 1.453(2) C(11)-H(1 IB) 0.9900
B (l)-0 (1 ) 1.4552(19) C(12)-C(13) 1.530(3)
B (l)-C (l) 1.620(2) C(12)-H(12A) 0.9900
B (l)-N (l) 1.643(2) C(12)-H(12B) 0.9900
N (l)-C (7) 1.2864(19) C(13)-C(14) 1.516(3)
N (l)-C (8) 1.4795(19) C(13)-H(13A) 0.9900
O(l)-C(101) 1.3704(17) C(13)-H(13B) 0.9900
O(2)-C(201) 1.3738(17) C(14)-C(15) 1.521(3)
C (l)-C (2) 1.385(2) C(14)-H(14A) 0.9900
C (l)-C (6) 1.402(2) C(14)-H(14B) 0.9900
C(2)-C(3) 1.395(2) C(15)-H(15A) 0.9800
C(2)-H(2) 0.9500 C(15)-H(15B) 0.9800
C(3)-C(4) 1.383(2) C(15)-H(15C) 0.9800
C(3)-H(3) 0.9500 C(101)-C(l 10) 1.381(2)
C(4)-C(5) 1.389(2) C(101)-C(102) 1.417(2)
C(4)-H(4) 0.9500 C(102)-C(103) 1.366(2)
C(5)-C(6) 1.386(2) C(102)-H(102) 0.9500
C(5)-H(5) 0.9500 C(103)-C(104) 1.413(2)
C(6)-C(7) 1.457(2) C(103)-H(103) 0.9500
C(7)-H(7) 0.9500 C(104)-C(105) 1.420(2)
C(8)-C(10) 1.525(2) C(104)-C(109) 1.425(2)
C(8)-C(9) 1.528(2) C(105)-C(106) 1.364(2)
C(8)-H(8) 1.0000 C(105)-H(105) 0.9500
C(9)-H(9A) 0.9800 C(106)-C(107) 1.402(2)
C(9)-H(9B) 0.9800 C(106)-H(106) 0.9500
C(9)-H(9C) 0.9800 C(107)-C(108) 1.372(2)
C (10)-C (ll) 1.517(2) C(107)-H(107) 0.9500
C(10)-H(10A) 0.9900 C(108)-C(109) 1.424(2)
C(10)-H(10B) 0.9900 C(108)-H(108) 0.9500
C(11)-C(12) 1.522(2) C(109)-C(l 10) 1.436(2)
C(11)-H(11A) 0.9900 C(110)-C(210) 
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C(201)-C(210) 1.384(2) C(205)-H(205) 0.9500
C(201)-C(202) 1.411(2) C(206)-C(207) 1.414(2)
C(202)-C(203) 1.360(2) C(206)-H(206) 0.9500
C(202)-H(202) 0.9500 C(207)-C(208) 1.365(2)
C(203)-C(204) 1.419(2) C(207)-H(207) 0.9500
C(203)-H(203) 0.9500 C(208)-C(209) 1.423(2)
C(204)-C(205) 1.418(2) C(208)-H(208) 0.9500
C(204)-C(209) 1.430(2) C(209)-C(210) 1.437(2)
C(205)-C(206) 1.357(2)
0 (2 )-B ( l) -0 ( l) 114.22(12) C(6)-C(7)-H(7) 123.3
0 (2 )-B (l)-C (l) 112.33(12) N(l)-C(8)-C(10) 112.18(13)
0(1)-B(1)-C (1) 116.27(12) N(l)-C(8)-C(9) 109.87(12)
0 (2 )-B (l)-N (l) 111.54(12) C(10)-C(8)-C(9) 111.60(13)
0(1)-B(1)-N (1) 103.78(11) N(l)-C(8)-H (8) 107.7
C (l)-B (l)-N (l) 96.88(11) C(10)-C(8)-H(8) 107.7
C(7)-N(l)-C(8) 123.13(13) C(9)-C(8)-H(8) 107.7
C (7)-N (l)-B (l) 110.99(12) C(8)-C(9)-H(9A) 109.5
C (8)-N (l)-B (l) 125.87(11) C(8)-C(9)-H(9B) 109.5
C (101)-O (l)-B (l) 114.92(11) H(9A)-C(9)-H(9B) 109.5
C(201)-O(2)-B(l) 118.56(11) C(8)-C(9)-H(9C) 109.5
C(2)-C(l)-C(6) 117.54(13) H(9A)-C(9)-H(9C) 109.5
C (2)-C (l)-B (l) 133.44(14) H(9B)-C(9)-H(9C) 109.5
C (6)-C (l)-B (l) 109.02(13) C (ll)-C (10)-C(8) 115.44(13)
C(l)-C(2)-C(3) 119.98(15) C( 11 )-C( 10)-H( 10A) 108.4
C(l)-C(2)-H(2) 120.0 C(8)-C( 10)-H( 1OA) 108.4
C(3)-C(2)-H(2) 120.0 C( 11 )-C( 10)-H( 1 OB) 108.4
C(4)-C(3)-C(2) 121.40(15) C(8)-C( 10)-H( 1 OB) 108.4
C(4)-C(3)-H(3) 119.3 H( 10 A)-C( 10)-H( 1 OB) 107.5
C(2)-C(3)-H(3) 119.3 C (10)-C(ll)-C(12) 110.80(14)
C(3)-C(4)-C(5) 119.83(14) C( 10)-C( 11 )-H( 11 A) 109.5
C(3)-C(4)-H(4) 120.1 C(12)-C(l 1)-H(11 A) 109.5
C(5)-C(4)-H(4) 120.1 C(10)-C(l 1)-H(1 IB) 109.5
C(6)-C(5)-C(4) 118.12(15) C( 12)-C( 11 )-H( 11B) 109.5
C(6)-C(5)-H(5) 120.9 H (11 A)-C(l 1)-H(1 IB) 108.1
C(4)-C(5)-H(5) 120.9 C (ll)-C (12)-C(13) 114.55(14)
C(5)-C(6)-C(l) 123.12(14) C( 11 )-C( 12)-H( 12 A) 108.6
C(5)-C(6)-C(7) 127.38(14) C( 13)-C( 12)-H( 12 A) 108.6
C(l)-C(6)-C(7) 109.47(13) C( 11 )-C( 12)-H( 12B) 108.6
N(l)-C(7)-C(6) 113.50(14) C( 13)-C( 12)-H( 12B) 108.6
N(l)-C(7)-H (7) 123.3 H( 12 A)-C( 12)-H( 12B) 107.6
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C(14)-C(13)-C(12) 113.02(16) C( 107)-C( 108)-C( 109) 121.37(15)
C( 14)-C( 13)-H( 13 A) 109.0 C( 107)-C( 108)-H( 108) 119.3
C( 12)-C( 13)-H( 13 A) 109.0 C( 109)-C(l 08)-H(l 08) 119.3
C( 14)-C( 13)-H( 13B) 109.0 C( 108)-C( 109)-C( 104) 117.15(13)
C( 12)-C( 13)-H( 13B) 109.0 C( 108)-C( 109)-C( 110) 122.89(14)
H(13 A)-C (l 3)-H(l 3B) 107.8 C( 104)-C( 109)-C( 110) 119.94(13)
C(13)-C(14)-C(15) 111.51(18) C( 101 )-C( 110)-C( 109) 118.10(12)
C( 13)-C( 14)-H( 14A) 109.3 C( 101 )-C( 110)-C(210) 118.77(12)
C( 15)-C( 14)-H( 14 A) 109.3 C( 109)-C( 110)-C(210) 122.81(12)
C( 13)-C( 14)-H( 14B) 109.3 O(2)-C(201 )-C(210) 121.79(12)
C( 15)-C( 14)-H( 14B) 109.3 O(2)-C(201 )-C(202) 116.72(13)
H( 14 A)-C( 14)-H( 14B) 108.0 C(210)-C(201 )-C(202) 121.43(13)
C( 14)-C( 15)-H( 15 A) 109.5 C(203)-C(202)-C(201) 120.51(14)
C( 14)-C( 15)-H( 15B) 109.5 C(203)-C(202)-H(202) 119.7
H( 15 A)-C( 15)-H( 15B) 109.5 C(201 )-C(202)-H(202) 119.7
C( 14)-C( 15)-H( 15C) 109.5 C(202)-C(203)-C(204) 120.62(13)
H( 15 A)-C( 15)-H( 15C) 109.5 C(202)-C(203)-H(203) 119.7
H(15B)-C( 15)-H( 15C) 109.5 C(204)-C(203)-H(203) 119.7
O(l)-C(101)-C(l 10) 120.15(13) C(205)-C(204)-C(203) 121.58(13)
0 (  1 )-C( 101 )-C( 102) 117.97(12) C(205)-C(204)-C(209) 119.56(13)
C( 110)-C( 101 )-C( 102) 121.87(13) C(203)-C(204)-C(209) 118.86(13)
C( 103)-C( 102)-C( 101) 120.09(14) C(206)-C(205)-C(204) 120.97(14)
C( 103)-C( 102)-H( 102) 120.0 C(206)-C(205)-H(205) 119.5
C( 101 )-C( 102)-H( 102) 120.0 C(204)-C(205)-H(205) 119.5
C( 102)-C( 103)-C( 104) 120.77(14) C(205)-C(206)-C(207) 120.07(14)
C( 102)-C( 103)-H( 103) 119.6 C(205)-C(206)-H(206) 120.0
C( 104)-C( 103)-H( 103) 119.6 C(207)-C(206)-H(206) 120.0
C( 103)-C( 104)-C( 105) 121.08(14) C(208)-C(207)-C(206) 120.43(14)
C( 103)-C( 104)-C( 109) 119.14(14) C(208)-C(207)-H(207) 119.8
C( 105)-C( 104)-C( 109) 119.74(14) C(206)-C(207)-H(207) 119.8
C( 106)-C( 105)-C( 104) 121.25(15) C(207)-C(208)-C(209) 121.44(13)
C( 106)-C( 105)-H( 105) 119.4 C(207)-C(208)-H(208) 119.3
C( 104)-C( 105)-H( 105) 119.4 C(209)-C(208)-H(208) 119.3
C( 105)-C( 106)-C( 107) 119.48(15) C(208)-C(209)-C(204) 117.43(13)
C( 105)-C( 106)-H( 106) 120.3 C(208)-C(209)-C(210) 122.88(13)
C( 107)-C( 106)-H( 106) 120.3 C(204)-C(209)-C(210) 119.62(13)
C( 108)-C( 107)-C( 106) 121.00(15) C(201 )-C(210)-C(209) 118.02(12)
C( 108)-C( 107)-H( 107) 119.5 C(201 )-C(210)-C( 110) 118.72(13)
C( 106)-C( 107)-H( 107) 119.5 C(209)-C(210)-C( 110) 123.26(13)
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Table 4 Anisotropic displacement parameters (A2x 103)for h04tdj 11. The anisotropic displacement factor exponent 
takes the form: - 2 n 2 [ h2a*2U n + ... + 2 h k a* b* U 12 ]
U 11 U22 U33 U23 U 13 U 12
B (l) 19(1) 27(1) 24(1) 0(1) 1(1) -1(1)
N (l) 20(1) 23(1) 24(1) 0(1) 0(1) 1(1)
0 (1 ) 19(1) 26(1) 24(1) 2(1) 2(1) 2(1)
0 (2 ) 19(1) 26(1) 28(1) 4(1) -1(1) 0(1)
C (l) 22(1) 19(1) 28(1) 3(1) -1(1) 3(1)
0(2) 26(1) 27(1) 31(1) 0(1) -2(1) 0(1)
0(3) 28(1) 26(1) 38(1) -3(1) -8(1) -1(1)
0(4) 21(1) 23(1) 46(1) 2(1) -5(1) -2(1)
0(5) 23(1) 27(1) 36(1) 5(1) 3(1) 1(1)
0(6) 21(1) 23(1) 28(1) 2(1) -1(1) 2(1)
0(7) 22(1) 28(1) 27(1) 5(1) 2(1) 3(1)
0(8) 23(1) 28(1) 28(1) -3(1) -2(1) -1(1)
0(9) 39(1) 31(1) 40(1) -6(1) -3(1) 4(1)
0(10) 32(1) 39(1) 26(1) -3(1) -4(1) 1(1)
0(11) 34(1) 35(1) 30(1) -3(1) -6(1) 2(1)
0(12) 38(1) 40(1) 31(1) 0(1) -5(1) 1(1)
0(13) 34(1) 47(1) 32(1) 2(1) -3(1) -1(1)
0(14) 50(1) 50(1) 45(1) 8(1) -13(1) -10(1)
0(15) 76(2) 38(1) 47(1) 0(1) -18(1) 0(1)
C(101) 16(1) 25(1) 22(1) 0(1) -3(1) 2(1)
C(102) 22(1) 24(1) 28(1) HD -2(1) -1(1)
C(103) 29(1) 21(1) 32(1) -6(1) -5(1) 2(1)
C(104) 20(1) 30(1) 26(1) -3(1) -5(1) 3(1)
C(105) 28(1) 33(1) 30(1) -10(1) -1(1) 2(1)
C(106) 29(1) 51(1) 23(1) -9(1) 3(1) 2(1)
C(107) 25(1) 41(1) 28(1) 1(1) 2(1) -2(1)
C(108) 21(1) 27(1) 26(1) 0(1) -1(1) 0(1)
C(109) 16(1) 27(1) 25(1) -2(1) -4(1) 2(1)
C(110) 16(1) 22(1) 24(1) -1(1) -2(1) 1(D
C(201) 19(1) 24(1) 23(1) 3(1) -1(1) -1(1)
C(202) 22(1) 25(1) 29(1) 2(1) 4(1) 4(1)
C(203) 31(1) 20(1) 29(1) 1(1) 4(1) 4(1)
C(204) 26(1) 21(1) 21(1) 1(1) 3(1) -1(1)
C(205) 33(1) 22(1) 25(1) -2(1) 3(1) -4(1)
C(206) 26(1) 30(1) 27(1) 0(1) -1(1) -9(1)
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C(207) 20(1) 29(1) 27(1) 3(1) 0(1) -1(1)
C(208) 22(1) 22(1) 24(1) 2(1) 0(1) 0(1)
C(209) 21(1) 22(1) 19(1) 2(1) 1(1) 0(1)
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X-ray Crystal S tructu re  Data of (S£]-5.23b



















Completeness to theta = 27.45° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data /  restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Absolute structure parameter 
Extinction coefficient 
Largest diff. peak and hole
h04tdjl0






a = 10.0660(3) A <x=
b = 13.1350(5) A p=






0 .2 0 x 0 .1 7 x 0 .1 3  mm3 
3.83 to 27.45°.
-13<=h<=13, -17<=k<= 17, -15<=  
19678
6833 [R(int) = 0.0531]
99.4 %
None
0.9895 and 0.9839 
Full-matrix least-squares on F2 
6833 / 1 /4 1 0  
0.965
R1 = 0.0426, wR2 = 0.0750 
R1 -  0.0759, wR2 = 0.0836 
-0.8(7)
0.035(2)







Table 2 Atomic coordinates ( x 10^) and equivalent isotropic displacement parameters (A^x 10^) for h04tdjl0. 
U(eq) is defined as one third o f the trace o f the orthogonalized LPJ tensor.
X y z U(eq)
B (l) -2480(2) -3571(2) -9128(2) 28(1)
N (l) -1613(1) -3070(1) -7886(1) 27(1)
0 (1 ) -3837(1) -3105(1) -9347(1) 26(1)
0 (2 ) -1795(1) -3355(1) -10000(1) 29(1)
0 (3 ) 994(1) -2190(1) -7040(1) 39(1)
0 (4 ) 36(1) -611(1) -7350(1) 34(1)
C (l) -2283(2) -4741(1) -8735(1) 28(1)
0 (2 ) -2714(2) -5661(2) -9288(2) 34(1)
0 (3 ) -2343(2) -6575(2) -8701(2) 39(1)
0 (4 ) -1561(2) -6590(2) -7563(2) 43(1)
0 (5) -1121(2) -5691(2) -6983(2) 38(1)
0 (6) -1471(2) -4788(1) -7581(2) 30(1)
0 (7 ) -1133(2) -3763(1) -7134(2) 31(1)
0 (8 ) -1504(2) -1974(1) -7624(1) 27(1)
0 (9 ) 10(2) -1626(1) -7299(1) 29(1)
0(10) 1379(2) -38(2) -7099(2) 36(1)
0(11) 2222(2) -220(2) -5870(2) 48(1)
0(12) 884(2) 1053(2) -7294(2) 59(1)
0(13) 2118(2) -335(2) -7967(2) 44(1)
0(14) -2207(2) -1710(1) -6709(1) 28(1)
0(15) -3617(2) -1478(2) -7061(2) 36(1)
0(16) -4274(2) -1230(2) -6241(2) 46(1)
0(17) -3558(2) -1215(2) -5096(2) 44(1)
0(18) -2181(2) -1479(2) -4740(2) 40(1)
0(19) -1498(2) -1722(1) -5547(2) 34(1)
C(101) -4711(2) -3307(1) -10426(1) 25(1)
C(102) -5834(2) -3973(1) -10512(2) 27(1)
C(103) -6742(2) -4182(1) -11561(2) 31(1)
C(104) -6535(2) -3774(1) -12576(1) 29(1)
C(105) -7446(2) -4007(2) -13681(2) 34(1)
C(106) -7200(2) -3647(2) -14653(2) 39(1)
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C(107) -6019(2) -3051(2) -14571(2) 39(1)
C(108) -5125(2) -2804(1) -13518(2) 34(1)
C(109) -5377(2) -3129(1) -12486(1) 27(1)
C(110) -4479(2) -2850(1) -11376(1) 26(1)
C(201) -2000(2) -2419(1) -10528(1) 27(1)
C(202) -821(2) -1799(2) -10373(2) 33(1)
C(203) -941(2) -854(2) -10850(2) 36(1)
C(204) -2255(2) -472(1) -11492(1) 31(1)
C(205) -2404(2) 533(2) -11931(2) 36(1)
C(206) -3671(2) 914(2) -12508(2) 37(1)
C(207) -4856(2) 300(2) -12678(2) 34(1)
C(208) -4754(2) -675(2) -12277(1) 30(1)
C(209) -3449(2) -1111(1) -11673(1) 26(1)
C(210) -3298(2) -2125(1) -11210(1) 26(1)
Table 3 Bond lengths [A] and angles [°] for h04tdjl0.
B (l)-0 (1 ) 1.448(2)
B (l)-0 (2 ) 1.452(2)
B (l)-C (l) 1.604(3)
B (l)-N (l) 1.644(2)
N (l)-C (7) 1.280(2)































































































































0 ( l) -B ( l) -0 (2 )
0(1)-B(1)-C(1)
0 (2 )-B (l)-C (l)
0(1)-B(1)-N (1)
0 (2 )-B (l)-N (l)
C( 1 )-B( 1 )-N( 1)
C(7)-N(l)-C(8)
C (7)-N (l)-B (l)
C (8)-N (l)-B (l)




C (2)-C (l)-B (l)




















































C(6)-C(7)-H(7) 123.4 C 17)-C(16)-C(15) 120.98(19)
N(l)-C(8)-C(14) 111.03(14) C 17)-C(16)-H(16) 119.5
N(l)-C(8)-C(9) 110.73(14) C 15)-C(16)-H(16) 119.5
C(14)-C(8)-C(9) 112.57(13) C 16)-C(17)-C(18) 120.06(18)
N(l)-C(8)-H (8) 107.4 C 16)-C(17)-H(17) 120.0
C(14)-C(8)-H(8) 107.4 C 18)-C(17)-H(17) 120.0
C(9)-C(8)-H(8) 107.4 C 17)-C(18)-C(19) 119.89(18)
0(3)-C (9)-0(4) 126.95(17) c 17)-C(18)-H(l 8) 120.1
0(3)-C(9)-C(8) 124.50(17) c 19)-C(18)-H(18) 120.1
0(4)-C(9)-C(8) 108.55(15) c 14)-C(19)-C(18) 120.24(17)
O(4)-C(10)-C(l 1) 109.62(15) c 14)-C(19)-H(19) 119.9
O(4)-C(10)-C(13) 109.05(15) c 18)-C(19)-H(19) 119.9
C( 11 )-C( 10)-C( 13) 113.75(16) 0 1)-C(101)-C(110) 119.77(15)
O(4)-C(10)-C(12) 101.99(15) 0 1)-C(101)-C(102) 117.85(14)
C(11)-C(10)-C(12) 111.76(18) c 110)-C( 101 )-C( 102) 122.37(15)
C(13)-C(10)-C(12) 109.99(18) c 103)-C(102)-C(101) 119.99(16)
C(10)-C(l 1)-H(11A) 109.5 c 103)-C( 102)-H( 102) 120.0
C( 10)-C( 11 )-H( 11B) 109.5 c 101)-C(102)-H(102) 120.0
H(11A)-C(11)-H(1 IB) 109.5 c 102)-C(103)-C(104) 120.68(17)
C( 10)-C( 11 )-H( 11C) 109.5 c 102)-C(l 03)-H(l 03) 119.7
H (11 A)-C(l 1)-H(11C) 109.5 c 104)-C( 103)-H( 103) 119.7
H(11B)-C(11)-H(11C) 109.5 c 103)-C( 104)-C( 109) 119.06(15)
C( 10)-C( 12)-H( 12 A) 109.5 c 103)-C( 104)-C( 105) 121.61(17)
C( 10)-C( 12)-H( 12B) 109.5 c 109)-C( 104)-C( 105) 119.33(16)
H( 12 A)-C( 12)-H( 12B) 109.5 c 106)-C( 105)-C( 104) 121.02(18)
C( 10)-C( 12)-H( 12C) 109.5 c 106)-C( 105)-H( 105) 119.5
H( 12 A)-C( 12)-H( 12C) 109.5 c 104)-C( 105)-H( 105) 119.5
H( 12B)-C( 12)-H( 12C) 109.5 c 105)-C( 106)-C( 107) 119.86(17)
C( 10)-C( 13)-H( 13 A) 109.5 c 105)-C( 106)-H( 106) 120.1
C( 10)-C( 13)-H( 13B) 109.5 c 107)-C(106)-H(106) 120.1
H(13 A)-C(l 3)-H(l 3B) 109.5 c 108)-C(107)-C(106) 120.64(17)
C( 10)-C( 13)-H( 13C) 109.5 c 108)-C( 107)-H( 107) 119.7
H(13A)-C(13)-H(l 3C) 109.5 c 106)-C( 107)-H( 107) 119.7
H(13B)-C(13)-H(13C) 109.5 c 107)-C( 108)-C( 109) 121.15(18)
C(19)-C(14)-C(15) 119.51(16) c 107)-C( 108)-H( 108) 119.4
C(19)-C(14)-C(8) 122.10(15) c 109)-C( 108)-H( 108) 119.4
C(15)-C(14)-C(8) 118.36(15) c 108)-C( 109)-C( 104) 117.86(15)
C(16)-C(15)-C(14) 119.25(17) c 108)-C(109)-C(110) 121.98(16)
C(16)-C(15)-H(15) 120.4 c 104)-C(109)-C(110) 120.14(15)
C(14)-C(15)-H(15) 120.4 c
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C(101)-C(110)-C(210) 119.19(14) C(204)-C(205)-H(205) 119.4
C( 109)-C( 110)-C (210) 123.29(15) C(205)-C(206)-C(207) 119.54(18)
O(2)-C(201 )-C (210) 121.13(15) C(205)-C(206)-H(206) 120.2
O(2)-C(201 )-C(202) 116.67(15) C(207)-C(206)-H(206) 120.2
C(210)-C(201 )-C(202) 122.17(16) C(208)-C(207)-C(206) 120.98(18)
C(203)-C(202)-C(201) 120.31(17) C(208)-C(207)-H(207) 119.5
C(203)-C(202)-H(202) 119.8 C(206)-C(207)-H(207) 119.5
C(201 )-C(202)-H(202) 119.8 C(207)-C(208)-C(209) 121.63(17)
C(202)-C(203)-C(204) 120.64(17) C(207)-C(208)-H(208) 119.2
C(202)-C(203)-H(203) 119.7 C(209)-C(208)-H(208) 119.2
C(204)-C(203)-H(203) 119.7 C(208)-C(209)-C(204) 116.75(16)
C(205)-C(204)-C(203) 121.09(17) C(208)-C(209)-C(210) 123.48(16)
C(205)-C(204)-C(209) 119.86(16) C(204)-C(209)-C(210) 119.72(15)
C(203)-C(204)-C(209) 119.03(17) C(201 )-C(210)-C(209) 117.85(16)
C(206)-C(205)-C(204) 121.22(18) C(201 )-C(210)-C( 110) 118.70(15)
C(206)-C(205)-H(205) 119.4 C(209)-C(210)-C( 110) 123.37(15)
Table 4 Anisotropic displacement parameters (A^x 10^)for h04tdjl0. The anisotropic displacement factor exponent 
takes the form: -27i^[ h^a*^u^ 1 + ... +  2 h k a* b* ]
U 11 U22 u 33 U23 U 13 u 12
B (l) 28(1) 28(1) 27(1) 0(1) 8(1) 1(1)
N (l) 27(1) 23(1) 31(1) 1(1) 9(1) 0(1)
0 (1 ) 26(1) 28(1) 24(1) 0(1) 6(1) 1(1)
0 (2 ) 30(1) 30(1) 30(1) 4(1) 11(1) 3(1)
0 (3 ) 29(1) 34(1) 50(1) 2(1) 7(1) 5(1)
0 (4 ) 29(1) 26(1) 49(1) 0(1) 13(1) -2(1)
C (l) 26(1) 28(1) 34(1) 0(1) 14(1) -1(1)
0(2) 31(1) 31(1) 43(1) -5(1) 17(1) -3(1)
0(3) 35(1) 26(1) 62(1) -4(1) 22(1) -4(1)
0(4) 41(1) 28(1) 66(2) 12(1) 23(1) 5(1)
0(5) 40(1) 34(1) 42(1) 12(1) 15(1) 7(1)
0(6) 30(1) 28(1) 34(1) 4(1) 13(1) 3(1)
0(7) 31(1) 32(1) 29(1) 2(1) 7(1) 5(1)
C(8) 28(1) 24(1) 28(1) 0(1) 5(1) 1(1)
0(9) 32(1) 27(1) 29(1) 0(1) 12(1) 1(1)
0(10) 27(1) 33(1) 48(1) -4(1) 13(1) -9(1)
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C (l l) 48(1) 54(2) 44(1) -11(1) 16(1) -15(1)
C(12) 47(1) 34(1) 99(2) 1 (0 27(1) -8(1)
C(13) 35(1) 57(2) 42(1) 2(1) 14(1) -7(1)
C(14) 28(1) 22(1) 33(1) 0(1) 9(1) -3(1)
C(15) 31(1) 33(1) 41(1) 0(1) 7(1) 1(1)
C(16) 36(1) 42(1) 64(2) 4(1) 22(1) 2(1)
C(17) 51(1) 36(1) 54(1) 2(1) 31(1) -3(1)
C(18) 51(1) 37(1) 36(1) -1(1) 17(1) -4(1)
C(19) 31(1) 32(1) 36(1) -1(1) 9(1) 1(D
C(101) 29(1) 21(1) 25(1) -2(1) 7(1) 1(D
C(102) 30(1) 24(1) 28(1) 2(1) 9(1) 1(1)
C(103) 29(1) 23(1) 40(1) -1(1) 11(1) -1(1)
C(104) 30(1) 22(1) 32(1) 0(1) 6(1) 3(1)
C(105) 35(1) 27(1) 38(1) -4(1) 5(1) 0(1)
C(106) 43(1) 33(1) 32(1) -6(1) -1(1) 0(1)
C(107) 54(1) 35(1) 28(1) -1(1) 11(1) -2(1)
C(108) 41(1) 31(1) 30(1) -2(1) 10(1) -3(1)
C(109) 31(1) 23(1) 28(1) 1(1) 8(1) 5(1)
C(llO) 24(1) 24(1) 29(1) 0(1) 7(1) 1(1)
C(201) 30(1) 25(1) 26(1) 1(1) 11(1) 0(1)
C(202) 26(1) 41(1) 33(1) 3(1) 8(1) -2(1)
C(203) 33(1) 41(1) 37(1) 2(1) 14(1) -9(1)
C(204) 35(1) 30(1) 30(1) 0(1) 14(1) -5(1)
C(205) 42(1) 33(1) 35(1) 1(1) 16(1) -9(1)
C(206) 50(1) 31(1) 33(1) 7(1) 15(1) 0(1)
C(207) 38(1) 34(1) 30(1) 6(1) 10(1) 5(1)
C(208) 32(1) 32(1) 27(1) 0(1) 11(1) -2(1)
C(209) 31(1) 28(1) 23(1) -1(1) 11(1) -1(1)
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X-ray Crystal S tructu re  Data of [/?/5J-5.28d
Table 1 Crystal data and structure refinement for k04sdb01.
Identification code k04sdb01





Space group P2i 2j 2,
Unit cell dimensions a = 6.58700(10) A a =  90°. 
b =  13.1200(2) A (3= 90°. 
c =  18.4020(4) A y = 90°.
Volume 1590.33(5) A 3
Z 4
Density (calculated) 1.171 Mg/m3
Absorption coefficient 0.073 mm"1
F(000) 600
Crystal size 0.75 x 0.13 x 0.10 mm3
Theta range for data collection 3.67 to 27.46°.
Index ranges -8<=h<=8, -17<=k<=17, -23<=1<=23
Reflections collected 29105
Independent reflections 3623 [R(int) = 0.0704]
Completeness to theta = 27.46° 99.6 %
Absorption correction None
Max. and min. transmission 0.9927 and 0.9471
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3623 /  0 /1 9 8
Goodness-of-fit on F2 1.026
Final R indices [I>2sigma(I)J R1 =0.0341, wR2 = 0.0762
R indices (all data) R1 = 0.0469, wR2 = 0.0827
Absolute structure parameter 0.2(13)
Extinction coefficient 0.017(2)
Largest diff. peak and hole 0.141 and-0.144 e.A"3
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Table 2 Atomic coordinates ( x 10^) and equivalent isotropic displacement parameters (A^x 1(P) for k04sdb01. 
U(eq) is defined as one third o f the trace o f the orthogonalized UU tensor.
X y z U(eq)
0 (1 ) 564(1) 9398(1) 1249(1) 37(1)
N(2) 6788(2) 7997(1) 3612(1) 24(1)
N (l) 4590(2) 8228(1) 5287(1) 40(1)
0(12) 3853(2) 7811(1) 2819(1) 23(1)
C(17) 4637(2) 8031(1) 2134(1) 26(1)
0(16) 3510(2) 8552(1) 1624(1) 29(1)
0(15) 1558(2) 8877(1) 1791(1) 26(1)
0(6) 9323(2) 9462(1) 4658(1) 28(1)
0 (8) 6094(2) 8867(1) 4038(1) 26(1)
0(5) 7785(2) 9637(1) 4160(1) 24(1)
0(2) 10909(2) 11070(1) 4363(1) 34(1)
0(10) 5153(2) 7292(1) 3387(1) 26(1)
0 (4) 7831(2) 10532(1) 3757(1) 35(1)
0(13) 1893(2) 8129(1) 2970(1) 29(1)
0(9) 5218(2) 8532(1) 4749(1) 29(1)
0(11) 6144(2) 6314(1) 3124(1) 35(1)
0(14) 739(2) 8666(1) 2464(1) 29(1)
0(7) 10867(2) 10165(1) 4754(1) 31(1)
0(3) 9376(3) 11231(1) 3856(1) 40(1)
0(1) 12567(3) 11846(1) 4487(1) 51(1)
0(18) -1290(2) 9895(1) 1443(1) 50(1)
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C(10)-C(l 1)-H(1 IB) 109.5
H (11 A)-C(l 1)-H(1 IB) 109.5
C(10)-C(l 1)-H(11C) 109.5



















H( 18 A)-C( 18)-H( 18B) 109.5
0(1)-C(18)-H(18C) 109.5
H( 18 A)-C( 18)-H( 18C) 109.5
H(18B)-C(18)-H(18C) 109.5
Symmetry transformations used to generate equivalent atoms:
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Table 4 Anisotropic displacement parameters (A^x 10^)for k04sdb01. The anisotropic displacement factor exponent 
takes the form: h^a*^U^ 1 + ... +  2 h k a* b* ]
U 11 u 22 U33 U23 U 13 U 12
0 (1 ) 29(1) 44(1) 38(1) 14(1) -7(1) 1(1)
N(2) 21(1) 28(1) 24(1) 0(1) -2(1) 2(1)
N (l) 46(1) 39(1) 35(1) -4(1) 13(1) -9(1)
0(12) 23(1) 23(1) 24(1) -1(1) -1(1) -3(1)
0(17) 21(1) 29(1) 27(1) 1(1) 1(1) 1(1)
0(16) 28(1) 34(1) 23(1) 3(1) 1(1) -3(1)
0(15) 25(1) 24(1) 28(1) 4(1) -7(1) -4(1)
0 (6) 32(1) 24(1) 27(1) 3(1) 0(1) 0(1)
0 (8) 24(1) 29(1) 23(1) 2(1) 1(1) 2(1)
0 (5) 26(1) 25(1) 22(1) 0(1) 4(1) 3(1)
0 (2) 36(1) 30(1) 36(1) -5(1) 10(1) -5(1)
0(10) 25(1) 29(1) 25(1) 4(1) 0(1) -3(1)
0(4) 39(1) 32(1) 35(1) 9(1) -3(1) 4(1)
0(13) 26(1) 37(1) 24(1) 2(1) 4(1) -2(1)
0(9) 28(1) 29(1) 30(1) -4(1) 2(1) -2(1)
0(11) 37(1) 29(1) 40(1) 1(1) -8(1) 3(1)
0(14) 21(1) 34(1) 32(1) 0(1) 1(1) 2(1)
0(7) 30(1) 33(1) 30(1) -3(1) 1(1) 1(1)
0(3) 50(1) 27(1) 44(1) 10(1) 3(1) -1(1)
0(1) 53(1) 44(1) 56(1) -4(1) 11(1) -19(1)
0(18) 26(1) 56(1) 67(1) 30(1) -1(1) 5(1)
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Non-linear effects operate and dynamic ligand exchange occurs 
when chiral BINOL-boron Lewis acids are used for asymmetric 
catalysis
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Abstract—Non-linear effects reveal that the use of chiral BINOL-boron reagents for aza-Diels-Alder reactions results in an 
enantioselective catalytic species containing at least 2 equiv. of BINOL. Dynamic ligand exchange and ligand accelerated catalysis 
occurs in these reactions, consistent with the formation of a cyclic borate ester of BINOL with enhanced Lewis acidity. © 2003 
Elsevier Science Ltd. All rights reserved.
It is well known that boron-ligand complexes contain­
ing aryloxy ligands can undergo dynamic ligand 
exchange in solution,1 and this fact has been exploited 
by Yamamoto et al., and others, in developing a range 
of boron complexes containing enantiopure 1,1- 
binaphthol [BINOL] (and its derivatives) as chiral 
Lewis acids for asymmetric catalysis.2'7 Their first 
report on the use of chiral boron reagents derived from 
BINOL described that mixing 1 equiv. o f (PhO)3B 1 
with 1 equiv. o f BINOL (R ) - 2  in dry CH2C12 resulted in 
a self-assembled chiral boron reagent (/? )-3 a  that 
catalysed formal asymmetric aza-Diels-Alder reactions8 
in good e.e. (Scheme 1). Thus, treatment o f a range of 
Y-benzylaldimines 4 a - e  and Danishefsky’s diene 5 with 
a stoichiometric amount o f  chiral boron reagent (R ) -3 a  
in CH2C12 at -78°C  gave a range o f chiral Y-benzyl- 
2,3-dihydro-l//-pyridin-4-ones ( /? ) -6 a -e  in 74-90% e.e. 
(Scheme 2).2
Yamamoto et al. proposed that monomeric BINO L- 
boron complex (/?)-7 was the most likely active cata­
lytic species in these reactions,23 however the possibility 
that other BINOL-boron species might be responsible 
for the observed enantioselectivity was not excluded.9 
Subsequently, this chiral boron reagent (/?)-3 a  was 
employed as a stoichiometric chiral Lewis acid for
* C orrespond ing  au thors. Tel.: +44-1225-383551; fax: +44-1225- 
386231 (S.D .B .); Tel.: +44-1225-383810; fax: +44-1225-386231 
(T .D .J.); e-mail: s .d .bu ll@ bath .ac .uk ; t.d .jam es@ bath .ac .uk
0957-4166/03/S - see fron t m a tte r © 2003 Elsevier Science L td. All rights reserved, 
doi: 10.1016/S0957-4166(03)00352-5
diastereoselective aza-Diels-Alder,2b-3 and aldimine- 
aldol reactions,4 with complex ( R ) - l  being invoked as 
the catalytically active species in each case.
Yamamoto et al. subsequently introduced an alterna­
tive protocol for the preparation o f this type o f chiral 










(R)-3a, (1 eq. (R)-2) 











R = (a) Ph, (b) 3-pyridyl, (c) eye, (d) 3,5-(MeO)2C6H4, (e) 2-Naphth.
Scheme 2.
74 - 90% e.e
(R)-6a-e
P ergam on
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BINOL with 1 equiv. o f (MeO)3B in CH2C12 in the 
presence o f 4 A molecular sieves.6 A crystalline precata­
lyst was isolated and characterised via spectroscopic and 
crystallographic analysis as a dimeric ‘ate’ species 
( R , R )-8 that contained 2 equiv. o f (/?)-BTNOL.6 Chiral 
boron reagent (R ,R ) -87 was shown to demonstrate sim­
ilar reactivity to chiral boron reagent (R )-3a catalysing 
the formation o f (R)-6a in 86% e.e.6 (compare with 82% 
e.e.2 for formation o f (i?)-6a using (i?)-3a).
Non-linear effects in asymmetric catalysis have previ­
ously been employed to probe whether enantioselective 
catalytic species contain 2 or more equiv. o f chiral 
ligand.10 Consequently, we chose to investigate whether 
the use o f (/?)-3a for formal aza-Diels-Alder reactions 
using scalemic BINOL would result in a non-linear 
effect, since the existence o f this phenomena would 
establish that a complex containing 2 equiv. o f (R )- 
BINOL was responsible for the high enantioselectivity 
in these reactions. The formal aza-Diels-Alder reaction 
between A-benzylphenylimine 4a and Danishefsky’s 
diene 5 for the formation of (/?)-6a (R =  Ph) was chosen 
as our model reaction and carried out using chiral 
boron reagent (/?)-3a which was prepared via premixing 
(R)-BINOL (1 equiv.) and (PhO)3B (1 equiv.) in CH2C12 
under anhydrous conditions at room temperature.2 In 
our hands, this formal aza-Diels-Alder reaction at -  
78°C reproducibly gave (/?)-6a in 77% e.e.,11 which was 
inferior to the value o f 82% e.e. previously reported for 
the formation o f (/?)-6a using (/?)-3a under these condi­
tions.2
Nevertheless, this formal aza-Diels-Alder reaction was 
repeated four times at -78°C  using a chiral boron 
reagent (/?)-3a derived from 1 equiv. o f BINOL of 
varying enantiopurity (ranging from 0 to 80% e.e.) 
under otherwise identical conditions, and the enan­
tiomeric excess o f (/?)-6a determined in each case. 
Analysis o f the enantiomeric excess obtained for (7?)-6a 
in these reactions clearly revealed the presence of a small 
but significant positive non-linear effect (Fig. 1), thus 
providing clear experimental evidence that the active 
catalyst responsible for asymmetric induction in this 
reaction contained more than 1 equiv. o f (R)-BINOL.
Consequently, we next carried out the same formal 
aza-Diels-Alder reaction at -78°C  using a chiral boron 
reagent (7?)-3b prepared from (PhO)3B and 2 equiv. of 
(/?)-BINOL, which reproducibly gave (/?)-6a in an 
improved 81% e.e. Unsurprisingly, the use o f scalemic 
BINOL for the preparation o f (/?)-3b resulted in the 
formation o f (R)-6a with an even greater positive non­
linear effect than that observed for (R ) -3a (Fig. 1), thus 
providing compelling evidence that the enantioselective 
catalytic species present in both these reactions contains 
at least 2 equiv. o f (/?)-BINOL.12
Since the enantioselective catalytic species in these reac­
tions must contain either a trivalent or tetravalent boron 
species and at least 2 equiv. o f (/?)-BINOL, we reasoned 
that the use o f (/?)-3a for catalysis must occur in the 
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Figure 1. Graph of non-linear effects for conversion of 4a+5 
into (7?)-6a using chiral reagents (jR)-3a and (i?)-3b. (R)-3a 
prepared using 1 equiv. of (/?)-BINOL ( A )  and (/?)-3b pre­
pared using 2 equiv. of (/?)-BINOL ( • ) .
(R)-7 (R.R)-a
(PhO)3B. This implied that the chiral catalyst generated 
in this reaction must catalyse the formation o f (R)-6a at 
a significantly faster rate than (PhO)3B catalysed the 
background racemic reaction to afford (rac)-6a.
A potential explanation for the observed rate accelera­
tion for (R ) -3a and (/?)-3b is the fact that cyclic borate 
esters are known to be stronger Lewis acids than the 
corresponding acyclic borate esters.16 Thus, if (R ) -3a 
and (/?)-3b afford an enantioselective catalytic species 
that contains a cyclic borate ester o f (/?)-BINOL then it 
would display enhanced Lewis acidity relative to acyclic 
(PhO)3B, thus explaining both the rate enhancement 
and good enantioselectivity observed in this reaction.
Given the similar non-linear effects, enantioselectivity, 
and ligand acceleration effects13 observed for the 
formation o f (/?)-6a using (/?)-3a or (/?)-3b in 
this reaction, it is reasonable to propose that the same
J. P. Cros et al. /  Tetrahedron: Asymmetry 14 (2003) 1965-1968 1967
enantioselective catalytic species is operating to control 
stereoselectivity in both cases. The fact that (/?)-3b (2 
equiv. (/?)-BINOL) affords ( R ) - 6 a in higher e.e. than 
(R)-3a (1 equiv. (i?)-BINOL) would then simply be due 
to a higher concentration o f the enantioselective cata­
lytic species (2 equiv. (R)-BINOL) being present when 
( R ) - 3b is employed for reaction.
In order to probe how effectively dynamic ligand 
exchange was occurring in these reactions, we carried 
out a series o f  aza-Diels-Alder reactions using chiral 
boron reagents prepared from 1 equiv. o f  (PhO)3B and 
sub-stoichiometric quantities o f (R)-BINOL. We rea­
soned that if dynamic ligand exchange was occurring, 
then turnover o f  (R)-BINOL between the different 
chiral and achiral boron-aryloxy complexes would 
occur in these reactions. Since chiral BINO L-boron  
complexes afford (R ) -6 sl at a significantly faster rate 
than achiral (Ph30 )B  complexes afford (ra c )-6a then 
aryloxy ligand turnover should result in ( R ) - 6a being 
formed in a significantly higher e.e. than expected if a 
simple linear relationship relating the concentration o f  
(R)-BINOL to the e.e. o f  (R)-6a was in operation.
Consequently, the aza-Diels-Alder reaction between N -  
benzylphenylimine 4a and 5 was carried out using 1 
equiv. o f  a new chiral boron reagent prepared from 1 
equiv. o f (PhO)3B and 0.1 equiv. o f (R)-BINOL (10 
mol%) which resulted in formation o f (i?)-6a in 15% 
e.e. This value was clearly greater than the 7.7% e.e.14 
for ( R ) - 6a that would have been expected if  a linear 
relationship relating the concentration o f (R)-BINOL  
to the e.e. o f (i?)-6a had occurred. We next carried out 
an inverse addition protocol in an attempt to minimise 
the background racemic reaction catalysed by (PhO)3B, 
whereby dropwise addition o f  1 equiv. o f  (PhO)3B in 
CH2C12 to a solution o f (R)-BINOL (10 mol%), 4a (1 
equiv.) and 5 (1 equiv.) in CH2C12 at -78°C , over a 
period o f 5 h, gave (R)-6a in an improved 42.5% e.e. 
Finally, use o f  a syringe pump enabled us to increase 
the length o f  time o f  inverse addition o f  P h 0 3B to 16 h 
resulting in a further increase in the enantioselectivity 
o f (R)-6a to 47% e.e. Thus, it was concluded that 
dynamic ligand exchange o f (R)-BINOL between chiral 
and achiral boron-aryloxy complexes was occurring in 
solution, with (i?)-6a being formed in an enhanced e.e. 
due to the increased rate o f the enantioselective 
reaction.
Clearly, the principle o f  employing sub-stoichiometric 
amounts o f a chiral ligand to amplify stereoselectivity 
in this manner is a potentially powerful atom efficient 
strategy,15 that may be applicable in alternative reac­
tion scenarios where other stoichiometric chiral 
reagents that undergo dynamic ligand exchange are 
employed for asymmetric synthesis.
In conclusion, we propose that the results described 
herein, and elsewhere,2,3 are consistent with the follow­
ing reaction mechanism. Firstly, non-linear effects 
obtained using scalemic BINOL demonstrate that the 
enantioselective species responsible for asymmetric 
induction contains at least 2 equiv. o f (R)-BINOL.
Potential catalytically active species that have been 
proposed previously that satisfy this criteria include 
(7?,i?)-8 derived from 2 equiv. o f (R)-BINOL and 1 
equiv. o f  boron;6 or ( R , R , R ) - 9  containing 3 equiv. o f  
(R)-BINOL and 2 equiv. o f boron.5f Secondly, the need 
for stoichiometric amounts o f boron reagent in these 
reactions suggest that boron is coordinated to reactants 
or products (or both) throughout the course o f the 
reaction.16 Thirdly, a cyclic chiral boron-BINO L com ­
plex with enhanced Lewis acidity affords (R)-6a at a 
significantly faster rate than the corresponding acyclic 
complex (PhO)3B affords ( r a c ) - 6a. Finally, rapid 
dynamic ligand exchange o f  aryloxy ligands occurs 
between all o f  the aryloxy-boron complexes present in 
solution, thus ensuring that (R)-BINOL is always avail­
able for the competing formation o f the more reactive 
enantioselective complex, even when (R)-BINOL is 
employed as a chiral ligand in sub-stoichiometric 
amounts.
It is likely that similar non-linear effects, dynamic 
ligand exchange and ligand accelerated catalysis are 
operating in other reaction scenarios where these type 
o f  chiral boron-BINO L reagents have been employed 
for asymmetric catalysis. Further investigations are cur­
rently underway in our laboratory to further delineate 
the mechanism o f these reactions.
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